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ABSTRACT
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by Timothy Andrew Kelf
This thesis describes a study into the optical properties of nano-structured metallic ﬁlms.
Structures are produced by electrochemically depositing metal through a self-assembled
template of polymer micro-spheres. This versatile technique allows nano-structured
surface made from almost any metal to be produced quickly and cheaply. Geometries
ranging from array of shallow dishes, to sharp metallic spikes and encapsulated spherical
cavities can all be produced on the same sample. This thesis presents an in-depth
study into the properties delocalised and localised surface plasmon polaritons. These
plasmons can be tuned in energy by controlling the sample geometry and angle of the
incident light. The coupling between these two types of plasmon is also investigated and
theories are put forward to understand the observed results. These ﬁndings could prove
useful in the design of plasmon guiding and computing devices. With an understanding
into the plasmonic properties of the metallic nanostructures, research is undertaken
to explore how the associate local electric ﬁeld couples to molecules adsorbed onto a
samples surface. A strong correlation between surface plasmons and enhanced Raman
scattering is found, leading the observation of the beaming of the Raman scattered light.
The nano-structured substrates are also shown to have excellent reproducibility as well
as enhancement of the Raman signals, leading to applications such as high sensitivity
molecular sensors. Finally, the interaction between organic semiconductor molecules
and surface plasmons is explored. A strong interaction between the diﬀerent states is
found and plasmon enhanced ﬂuorescence is also observed. These studies open the way
for greater control over the exciton states, which have potential for the use in novel laser
systems.Contents
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Introduction
Within a few short decades the ﬁeld of nanotechnology has risen from ﬁction into pure
science. Whilst still in its infancy, nanotechnology brings together physics, chemistry
and biology as well as mathematics, engineering and computer science. This provides
rich grounds for new research, and the growing potential to fulﬁl one of science’s greatest
quests: to understand and mimic biological systems. Over the past 1.5 billion years na-
ture has optimised structures and systems of such breath-taking complexity that modern
research is only now starting to unlock their secrets. Nature’s success comes from the
nano-scale molecules that all life forms are made from. Individually, these molecules can
perform simple tasks, but do not represent a living entity. However, when combined,
the feedback between molecules allows the system to respond to stimuli, and ultimately
reproduce - the essence of life.
Richard Feynman was one of the ﬁrst to appreciate the capabilities opened up if one is
able to control nano-scale systems[13], and since then solid state physics has made great
progress. It is now possible of accurately fabricate devices on the hundreds of nanometres
scale; however, the main limitation of such devices is their planer structuring. This
creates ever-growing diﬃculties to ensure that every individual component is linked to
the whole system. The harnessing of self-assembled biological systems could provide
means to build three-dimensional devices, and so allow, among other things, smaller
and faster computers. Currently this is still in the realm of science ﬁction as there are
many challenges still facing this goal.
Today, science is capable of controlling and understanding the behaviour of atomic sys-
tems as well as objects with dimensions greater than about a micron. The region between
these two length scales is more diﬃcult to study. A major reason for these diﬃculties is
that much of science relies on optically detecting the objects under study. Unfortunately,
light can only provide information on structures larger than its wavelength. Visible light
has wavelengths between 400nm and 900nm and so objects smaller than this cannot be
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directly studied. A further problem is that the coupling of light to nanometre structures
is poor. This provides yet more challenges in the understanding of nano-scale objects.
This thesis concentrates on an entity known as a surface plasmon polariton (SPP),
a quantised charge ﬂuctuation pinned to a metal’s surface. Whilst at ﬁrst appearing
to have no obvious link to the above discussion, it will be shown that these SPPs can
eﬀectively bridge the gap between optical and molecular systems. In so doing, SPPs hold
great potential for understanding nano-scale physical systems, along with providing a
means to study molecules in greater detail.
To produce SPPs a regular structured metal surface can be used, such as a diﬀraction
grating. For this thesis, two-dimensionally periodic metal nano-structures are produced
using a self-assembly and electrochemical deposition process. A scanning electron micro-
scope image of one such sample is shown in ﬁgure 1.2a. The surfaces produced through
this ‘natural lithography’ are of excellent quality in terms of both smoothness and regu-
larity. This allows many interesting and varied experiments to be performed. All sample
production, characterisation and experimentation is performed within the photonic met-
als group at the University of Southampton, a group which spans the departments of
chemistry and physics.
Surface plasmons were discovered almost 50 years ago[14], however, it has been the last
decade that has seen a rapid growth of research in this ﬁeld. Early work on SPPs em-
ployed a coupling mechanism through a prism; whist this produced many interesting
results, the recent progress has been obtained through the ability to produce and char-
acterise grating structures on the 100’s of nanometre length scales. Such structures are
highly diﬀractive and allow light to couple to SPPs through scattering processes. Figure
1.1 outlines three important pieces of research of recent years.
Figure 1.1a demonstrates the direct imaging on SPP mode, performed by W. L. Barnes
et al.[2]. This work records the spectra of white light total internally reﬂected oﬀ the base
of a prism of diﬀerent angles. The top image shows the result when a smooth silver ﬁlm
is brought within 100nm of the base of the prism. The image shows inverse wavelength
plotted against angle of the incident light. The colours are representative of wavelength
and black corresponds to a reduction in the intensity of the reﬂected light relative to
that when no metal ﬁlm is present. As can be seen, there is a well deﬁned region of
the image where light is coupled onto the surface of the metal (hence a reduction in
the observed intensity). This occurs evanescently and corresponds to the excitation of a
SPP wave. The second image in ﬁgure 1.1a shows a scanning electron microscope (SEM)
image of a silver surface pattered with a triangular array of dots. The dots are separated
by 300nm and are have radii of 100nm. The bottom image shows the optical coupling to
this modiﬁed silver surface. Clearly this is quite diﬀerent from the top image and what
can be seen is a region of frequency where there exists no SPP mode - a plasmonic band
gap. This result is important as it shows that the propagation of SPPs can be controlledChapter 1 Introduction 3
Figure 1.1: (a) Top: Direct imaging of a SPP on smooth silver. Middle: SEM image of
a nano-structured silver sample, this structuring radically alters the SPP dispersion as
shown in the bottom image. Taken from [1], original work from [2]. (b) Top: Schematic
of a SPP waveguide. Middle: Near-ﬁeld imaging of a SPP wave travelling along the
guiding region, cross-section of this shown in the bottom image. Taken from [1], original
work from [3]. (c) Top: SEM image of structure used for the enhanced transmission
experiments. Middle: Image of transmitted light, cross-sections of this shown in the
bottom image. Taken from [4].
through modifying the surface structure. This is reminiscent of photonic crystals and
the photonic band gaps which have received a huge amount of interest over the last
decade for routing and controlling the ﬂow of light. Plasmonic crystals, however, have a
number of advantages over their photonic counterparts. Firstly, plasmons are completely
conﬁned to the metal/dielectric interface so pattering in a third dimension is not required
(as will be shown later in this thesis this is quite tricky). Secondly, there is a signiﬁcant
diﬀerence in size scales involved between plasmonic and photonic devices. Photonic
crystals are limited in size to structuring on the wavelength scale. As shown in the
ﬁgure, plasmonic crystals can be made signiﬁcantly smaller than this value, and so one
day could be useful in computing of networking applications.
The ﬁrst steps towards this goal are shown in ﬁgure 1.1b, showing work done by J. -C.
Weeber et al.[3]. Here a gold strip 2.5µm wide is used to form a SPP waveguide. The
SPP is launched viva a grating situated oﬀ the top of the image and is channelled into the
waveguide using the funnelling structure. The SPP is imaged using a near-ﬁeld scanning
microscopy and can be seen to be well pinned to the wave-guiding structure. Again, theChapter 1 Introduction 4
structure is of sub-wavelength width and it can also be seen the losses incurred through
absorption within the metal are small over the distance observed.
Figure 1.1c shows an interesting, if slightly controversial, result that brought the ﬁeld
of plasmonics to into the public eye. This work was carried out by T. W. Ebbesen et
al.[15, 4] and is concerned with the transmission of light through pattered metal surfaces.
The top image shows an SEM image of a structure milled into a silver surface; the central
hole is 300nm in diameter and is drilled right through the silver layer to the glass
surface beneath. The structure forms a grating, and hence excites SPP modes. What
were interesting about this research is the transmission properties of the structure. The
hole is signiﬁcantly smaller than the wavelength of light and so no transmission would
immediately be expected. The middle image shows the resulting transmitted light, and
the bottom image graphs the transmission spectra for diﬀerent incident angles. What
can be seen is that light of wavelength twice the size of the hole is eﬀectively coupled
through the silver surface. While the absolute transmitted intensity is small, relative
to the size of the hole the transmission is found to exceed 100%! This is an intriguing
result and understood through the incident light exciting a SPP mode which can travel
through the central hole. On the other side the SPP can couple back to optical ﬁeld, and
hence induce a transmission of light. Since the light is coupling to the SPP mode over
the whole area of the pattered structure, this is the eﬀective amount of light possible
to be transmitted - hence the above unity value. Recently this eﬀect has been used to
perform nano-lithography in the sub-wavelength regime[16]. This allows the production
of smaller feature sizes without having to develop UV-laser sources, thus greatly reducing
the cost of processing.
While the work outlined so far has concentrated on SPP waves travelling at close to the
speed of light over metal surfaces, other research has been performed on SPP modes
localised through restrictive geometries. These localised SPPs are standing waves, and
most work has concentrated on spherical geometries usually with diameters of order
100nm. The electromagnetic interactions on these structures can be described in terms
of Mie scattering, and it is this which allows the coupling of the localised SPP to the
incident light. Much of this work has been carried out by the group of N. J. Halas
et al.[17] and has shown that small changes is the diameter of a silver particle can
signiﬁcantly alter the resonance energy of a SPP mode.
Both localised and delocalised plasmons - SPP modes and standing wave SPP modes
- physically correspond to surface charge oscillations with an associated electric ﬁeld.
Over the years a great deal of work has been done on modelling SPP in nano-systems,
most notably the work by M. I. Stockman and D. J. Bergman[18]. These theoretical
models have primarily been involved with understand how, when tightly conﬁned, SPPs
can produce electric ﬁeld strengths many orders of magnitude above that of the incident
light. This enhanced electric ﬁeld aids an eﬀect which has now become deeply connected
with the ﬁeld of plasmonics, that of surface enhanced Raman scattering (SERS). ThisChapter 1 Introduction 5
eﬀect enhances Raman transitions within molecules on a metallic surface by seven or
more orders of magnitude! While still not fully understood, this eﬀect is known to
mainly come from the plasmonic behaviour of the metals used (metals that show no
plasmonic behaviour produce no enhanced Raman signals). Using SERS, single molecule
spectroscopy has been achieved[19, 20], providing proof of concept of extremely high
sensitivity devices. ‘SERS active substrates’ as they are often referred, are most often
made from silver colloids. It is believed that the electric ﬁelds where the colloids touch
provide much, if not all, of the observed Raman signal. With high sensitivity and the
advantage of easy molecular analysis from the observed Raman transitions SERS is
currently a ﬁeld beginning to be commercialised[21] for bio-medical applications[22] as
well as homeland security. Indeed, as will be shown later in this thesis the plasmonic
surfaces studied are in many ways ideal to studying and applying the SERS process to
real world applications.
This thesis is a collection of related experiments performed by the author over the past
three years. The topics span from the fundamental characterisation of the surfaces,
through the analysis of the plasmonic properties, to the interaction of these surfaces
with molecules adsorbed on their surface. This requires the partitioning of this thesis
into a number of chapters as outlined below.
Rather than jumping straight into the ﬁeld of plasmonics, it is useful to understand the
fundamental optical properties of nano-structures. This is outlined in chapter 2, which
also provides a background into the ﬁeld of self-assembly.
Chapter 3 then details the fundamental properties of metals, before looking at the for-
mation of SPPs from a theoretical viewpoint. SPPs are shown to exist as both localised
and delocalised states, which exhibit very diﬀerent characteristics, shown schematically
in ﬁgure 1.2c.
Chapter 4 subsequently concentrates on the characterisation and physical properties of
the nano-metallic structures. Not only are these nano-structures highly opalescent and
support a variety of plasmon modes, they also possess interesting physical properties.
Figure 1.2b shows a droplet of water sitting on one such surface. Detailed experiments
have shown that by adjusting the surface geometry, the contact angle of the droplet
can be varied. This is interesting from a fundamental viewpoint but could also have
potential uses in, for example, self-cleaning structures.
Chapter 5 then outlines the setup of the experiments performed using a computer con-
trolled goniometer, shown in ﬁgure 1.2d. This setup produces large volumes of data and
so an explanation into the diﬀerent graphical representation techniques is also presented.
After this thorough background, chapter 6 outlines the experiments performed to char-
acterise the diﬀerent types of SPP found on the nano-structures surfaces. These fallChapter 1 Introduction 6
Figure 1.2: (a) Scanning electron image of a typical nano-structured sample. (b)
Photograph of a water droplet sitting on a sample, by varying the geometry of the
surface the contact angle of the drop can be altered. (c) Cartoon showing schematically
the diﬀerent types of plasmons found on the surfaces. (d) Photograph of the automated
goniometer used to acquire reﬂectivity data. (e) Simulated distribution of Raman
scattered light leaving a sample. This image corresponds to the expected Raman image
collected in the back focal plane of a microscope objective.
into two categories, shown in ﬁgure 1.2c, those of localised and delocalised modes. Delo-
calised plasmons are highly dependent on the sample orientation as well as the incident
angle of the light source, and have sharp absorption resonances. Localised plasmons, on
the other hand, have broader resonances and an isotropic dispersion. These plasmons
are studied in detail and an understanding of their properties is presented.
With the fundamental properties of the plasmons acquired, chapter 7 then discusses
the interactions between the localised and delocalised plasmon modes. It is shown that
the two types of plasmon can be brought into resonance, where they strongly couple
together. This creates a mixing into new plasmonic modes, which are studied in detail.Chapter 1 Introduction 7
Further research is then outlined on the control of the plasmonic properties by varying
the dielectric and metallic media.
These chapters provide a detailed understanding into the plasmonic surfaces, allowing
a study into other topics of current interest throughout the ﬁelds of plasmonics and
nano-technology. Chapter 8 explains the current theoretical knowledge of surface en-
hanced Raman scattering (SERS). Chapter 9 the outlines the experimental SERS results
obtained. Notable, these show the beaming of the Raman scattered light from plam-
sonic modes on the nano-structured surfaces. This is important for understanding the
SERS process because it shows that the molecules scatter into plasmonic modes, not
photonic ones. These ﬁnding are useful in the optimisation of potential sensor devices.
For example, ﬁgure 1.2e shows the simulated output Raman scattered light that would
be observed from three vibrational bands of the molecule benzene thiol when it is ab-
sorbed onto a particular nano-structured substrate. This clearly shows the beaming and
splitting of the vibrational modes, and could be directly linked to a CCD camera for
detection and analysis.
Chapter 10 then discusses some more recent work, looking at the interactions between
delocalised plasmons and the excitonic states of organic dye molecules. These exper-
iments show strong coupling between plasmon and excitons, and paves the way for
further interesting research. The plasmon modes are also shown to enhance the ﬂuores-
cence from the exciton states, which could be of potential use for greater eﬃciency light
emitter.
Finally, chapter 11 summarises the ﬁnding of the previous chapters and speculates on
the many future directions that may be of interest to understand the processes at work
behind the many phenomena presented.Chapter 2
Introduction to Nano-Structuring
The periodic structure of atoms within a conducting medium gives rise to diﬀerent
electronic bands, allowing the control of electrons through a material[23]; mastering the
use of these bands has lead to the semiconductor revolution and ultimately the personal
computer. This has been understood for many years, however, it was not until 1987 that
an analogous system was proposed to control the properties of photons[24, 25]. These
photonic crystals are made from dielectric materials patterned on the sub-micron scale.
Light in such materials is scattered into photonic crystal modes and can give rise to
photonic bandgaps where the propagation of light of certain frequencies is forbidden.
This work allows a ﬁne degree of control over the optical ﬁeld within a material, a
feat mastered by nature many millions of years ago (ﬁg 2.1). Here the structure of
the butterﬂy’s wing forbids the transmission of blue light, giving the wing a bright
opalescent blue colouration[5]. The production of photonic crystals allows fantastic
control over light, and can be used to produce micron-scale optical circuits, though
which the light is squeezed and manipulated. This technology could one day be used to
produce all-optical computing devices, capable of faster processing speeds than current
electron-based systems.
Whilst not directly related to plasmonics, knowledge of pure photonic systems is essential
in understanding the properties of the more complex photonic metal systems presented
in this thesis. It is also of historical interest to trace the interwoven paths of the diﬀerent
areas of research discussed in this thesis. This section will start from the very beginning
- Maxwell’s equations - and from here build up an understanding of the properties of
materials patterned on the wavelength scale. With this understanding, a discussion into
more complex photonic structures will be presented.
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Figure 2.1: This Papilio Ulysses butterﬂy, indigenous to rainforests of Oceania, is
highly iridescent due to nano-structuring of its wings (inset), from [5].
2.1 Photonic Structures
The structuring of a dielectric medium gives rise to a change in its optical response.
If the material structuring is much smaller than the wavelength of light, the optical
properties of the medium can be accounted for using an eﬀective refractive index. This
is calculated using a weighted average of the refractive indices of the diﬀerent dielectrics
and the whole structure act as a single material. If the structuring is very large compared
to the wavelength of light, then a ray optics approach can be employed to easily calculate
the behaviour of the light. However, when the structuring becomes comparable to
optical wavelengths many interesting properties emerge. Thus, a good starting point in
understanding these structures is that of Maxwell’s equations describing the properties
of light within a constant dielectric medium.
An electromagnetic wave can be expressed in terms of an electric ﬁeld vector, E and a
magnetic induction vector B. When incident on a material the terms H, the magnetic
vector, D, the electric displacement, J, the current density and ρ, the charge density are
also deﬁned. Maxwell’s equations, in S.I. units, take the following form.
∇ · B = 0 (2.1)
∇ · D = ρ (2.2)
∇ × E +
δB
δt
= 0 (2.3)
∇ × H −
δD
δt
= J (2.4)Chapter 2 Introduction to Nano-Structuring 10
To simplify these equations, a number of assumptions can be applied. First, it is assumed
that the medium contains no free charges, currents or sources of light; this means that
both J and ρ can be set to zero. Next, the considered ﬁeld strengths are assumed to be
small enough to consider the relationships D to E and B to H as linear. Thirdly the
material is set to be macroscopic and isotropic, enforcing a scalar dielectric constant,
(r,ω), where r is a spatial vector and ω is the angular frequency of the light. Finally,
it is assumed that  is constant with frequency and real, corresponding to a loss-less
material in a sensible frequency range[26]. These assumptions give rise to the following
relationships between the electric ﬁeld and material quantities.
D(r) = (r)E(r) and B = µH and J = σE = 0 (2.5)
Where µ is the magnetic permeability and σ is the conductivity of the medium. These
assumptions also allow the time dependence of the ﬁeld to be written simply as:
H(r,t) = H(r)eiωt and E(r,t) = E(r)eiωt (2.6)
for a mixed dielectric medium and using of the previous assumptions, Maxwell’s equa-
tions can be rearranged into an expression purely in terms of the magnetic vector H(r)
[6].
∇ ×

1
(r)
∇ × H(r)

= µ0ω2H(r) (2.7)
This general expression governs the response of an optical ﬁeld in a mixed dielectric
medium, where the dependence on position arises through the dielectric constant. There-
fore, if the positional dependence of the dielectric constant of any medium is know, the
solutions to equation 2.7 will provide the solutions to the optical modes. Unfortunately,
this is non-trivial and, outside of the simplest cases, requires a fair amount of computa-
tional power to provide answers. This is beyond the scope of this thesis so, instead, a
more intuitive approach will be discussed.
2.2 One Dimensional Photonic Crystals
A one-dimensional photonic crystal is made of layers with alternating of dielectric con-
stant, as shown in ﬁgure 2.2a. This system repeats in the z-direction with period a,
which will be of order the wavelength of the light. If the system is viewed in ‘k-space’,
where k = 2π/λ, this can be represented as a one-dimensional line of scattering points
with separation equal to the reciprocal lattice vector, G = 2π/a, (ﬁg 2.2b and c). FromChapter 2 Introduction to Nano-Structuring 11
this representation, since every point looks identical, it is possible to write k = k0 ±nG,
or more speciﬁcally a mode with wave vector k0 and a mode with wave vector k0 ± nG
have the same dispersion and couple together, forming a new set of modes. A plane wave
travelling in the z-direction, along the line of periodicity, will be scattered every distance
a. This gives rise to forward and backward propagating waves within the structures.
These waves will interfere to form standing waves. Now, the light can no longer be
described as a pure optical ﬁeld as it has become intimately linked with the structure.
The optical ﬁeld is now mixed state known as a polariton.
The dispersion for light in an isotropic dielectric material is given by the equation:
ω (k) =
c|k|
√
d
(2.8)
where c is the speed of light and d is a constant, given by the properties of the dielectric
medium. This equation shows that the energy of light varies linearly with momentum,
with zero momentum corresponding to zero energy. This dispersion is plotted in ﬁgure
2.2c, and corresponds to the x and y directions along a given line of the photonic crystal.
The gradient of the dispersion will be diﬀerent depending on the medium considered due
to the diﬀerent dielectric constants. In the z-direction, along the line of the periodicity,
the point k = 0 can be deﬁned at any of the scattering sites. This translational symmetry
allows k = 0 to be deﬁned at every scattering site, and so the vacuum dispersion relation
is repeated, as shown in ﬁgure 2.2b. Due to the repetition of the structure, there is a lot
of degeneracy throughout k-space. Attention can, therefore, be restricted to the small,
non-degenerate, region inside what is known as the Brillouin zone. The dispersion of this
structure is drawn in red on ﬁgure 2.2b and shows that the optical modes fold back on
themselves when they reach the Brillouin zone. This folding arises from the scattering
of neighbouring sites and leads to a quite diﬀerent dispersion for a periodically structure
surface over that of an isotropic material.
Figure 2.2: (a) Periodically structured dielectric stack with periodicity a, (b, c) k-
space representation of dielectric stack showing schematic of the dispersion relation.
Lattice vector, G, incident light wave-vector, k and Brillouin zone also deﬁned
The schematic drawn in ﬁgure 2.2 assumes that there is no interaction between the dis-
persion bands from the diﬀerent lattice sites, a condition known as the weak scatteringChapter 2 Introduction to Nano-Structuring 12
approximation. This allows complicated dielectric structures to be modelled with rela-
tive ease, but is limited to situations where the contrast between the diﬀerent dielectric
constants is small. To emphasise this, ﬁgure 2.3 plots the dispersion relation of the
previous structure under two conditions using the full mathematical calculations.
Figure 2.3: Dispersion relation for light traversing a periodic dielectric structure with,
(a) zero dielectric contrast and (b) dielectric contrast of three. (c) Schematic of modes
in periodic slab at the bandgap wavelength. From [6]
In ﬁgure 2.3a, both dielectric regions have the same dielectric constant, forming a sin-
gle slab of material assigned an artiﬁcial periodicity. The frequency spectrum follows
that shown in the previous ﬁgure. Figure 2.3b plots the dispersion of light propagat-
ing through a dielectric stack where the diﬀerent layers have a diﬀerence in dielectric
constant of three. Many aspects of this graph are similar to that of the ﬁrst image,
except now there is a region of frequency space where no photonic mode exists; this
is known as a photonic bandgap. This bandgap arises from the interaction between
the diﬀerent photonic bands. For a physical insight into this bandgap formation it is
useful to return to real space and consider the electric ﬁeld directly above and below
the gap, where k = π/a. Here, the modes are standing waves with wavelengths equal toChapter 2 Introduction to Nano-Structuring 13
2a. These modes have only two possible conﬁgurations within the structure (ﬁg 2.3c.),
their nodes positioned within either the high or low dielectric constant layers. Any other
conﬁguration violates the symmetry of the system, and hence is forbidden.
It now becomes clear that while both modes have the same wavelength, the mode concen-
trated in the high index material will experience a shorter eﬀective distance, and hence a
lower frequency, than the mode concentrated in the low index material. This diﬀerence
in frequency provides the energy gap in the photonic dispersion relation analogous to
the energy gap between the valence and conduction bands in a semiconductor material.
Indeed, the two systems are almost completely analogous, allowing the photonic sys-
tem to be written in ‘Bloch form’, consisting of a plane wave modulated by a function
arising from the periodicity of the lattice. This approach becomes particularly useful
when considering the coupling of light into two and three dimensional photonic crystals.
One-dimensional photonic crystals are commonly used as optical ﬁlters in both reﬂection
and transmission. If a dielectric stack is designed to completely exclude a certain range
of frequencies, this light will be reﬂected very eﬃciently, leading to an excellent quality
mirror over the bandgap frequency region. Alternatively, the transmission properties of
the stack can be utilised to eﬃciently remove undesirable frequencies, such as the laser
line from low level signals. These two applications have become commonplace over the
last 30 years with the creation of fabrication techniques capable of accurately deposit-
ing complex multi-layer structures. With this wealth of uses from just one-dimensional
structuring, the use of a second dimension was seen as the next logical step towards
total photon control.
2.3 Two Dimensional Photonic Crystals
A two dimensional photonic crystal, as the name suggests, is a dielectric slab patterned
in the xy-plane but homogeneous in the z-direction (ﬁg 2.4a). These structures can
be designed to restrict the passage of light in the plane, and hence form wave guiding
devices[27]. In a similar way to the one-dimensional case, by knowing that light has
no restriction in the z-direction, and that its propagation will be modiﬁed by a two-
dimensional Bloch mode in the xy-plane, the solutions of the standing waves in the
system can be calculated. It is now important to note that the dispersion will change
with crystal orientations.
Again, to understand the fundamental dispersion relation of these structures it is useful
to invoke the weak-scattering approximation. For the surface of interest in this thesis
the structures can be represented as a close packed array of scattering sites; the primary
lattice vectors of these systems are of equal length, and at a 60o angle to one another
(ﬁg 2.4a). The ﬁrst set of scattered modes corresponds to those of one lattice vector, of
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to scattering light oﬀ it, the ﬁrst set of scattering planes are found to be in the direction
shown in ﬁg 2.4b, with a 30o rotation between the lattice vectors of real- and k-space.
In this direction the periodicity is
√
3.a, however, the planes repeat every
√
3
2 a, and it
is this distance that is used as the length of the primary lattice vector, G. It is also
important to remember the directions as well as magnitudes of the initial k-vector and
the lattice vector. This is shown in ﬁgure 2.4b for the (1,−1) direction. Whilst the
incident light is scattered in the six lattice directions, the propagation of the polariton
modes will be in the direction k = k0 + G.
Figure 2.4: (a) A close packed array of circular structures, these can be represented
in (b) k-space as a triangular lattice of scattering points. (c) Representation of the
dispersion relation of this surface (d) solutions for φ = 0 in terms of energy and incident
angle.
By drawing the dispersion of light from each scattering site the dispersion relation of the
two-dimension photonic crystal can be created (again neglecting interactions between
the bands). However, this starts to become diﬃcult to visualise, and so again it is useful
to remember the equivalence of all scattering sites. Instead of plotting the dispersion
cones from all scattering sites and looking along one k-vector, ﬁgure 2.4c shows oneChapter 2 Introduction to Nano-Structuring 15
light cone and takes lines in k-space from each of the adjacent scattering sites. This will
map out the dispersion from this ﬁrst set of scattering sites, which corresponds to the
second and third bands in the dispersion relation. This shows that when k = 0, only
one energy is observed. However, away from k = 0 light scattered in diﬀerent directions
will have diﬀerent angular frequencies, shown as the red lines for the (0,−1) and (0,1)
bands only. This shows that the dispersion relation for these six-fold symmetric photonic
crystals will have a maximum of six bands, and all of which will depend strongly on the
propagation direction.
All the previous discussion has assumed that the light is travelling in the plane of the
periodicity, however, for the experiments in this thesis coupling is done at an angle θ to
the plane. To take this into account the vacuum dispersion relation formula is modiﬁed
slightly:
E(k) =
~
e
c
√
(k0sin(θ) ± nG) (2.9)
this resolves the momentum of the incident light on the structure and uses the in-plane
component. This equation has also now been converted from angular frequency to energy
through the factor ~
e. Putting this together with the model shown in ﬁgure 2.4c, gives
rise to the set of modes shown in ﬁgure 2.4d, for a sample orientation, φ = 0o.
When the full numerical calculations are performed to ﬁnd the band structure of a two-
dimensional photonic crystal, similar results are obtained. However, the formation of a
bandgap shifts and splits diﬀerent modes. Again, borrowed from solid state physics, it is
customary to show this by plotting along the edge of the irreducible Brillouin zone (ﬁg
2.5b). The diﬀerent bands again represent optical modes conﬁned mainly within either
the high or low refractive index regions; however, the modes are now two-dimensional
and thus more complicated, two of these modes are shown in ﬁgure 2.4c.
By introducing carefully controlled defects into a photonic crystal array, it is possible
to create localised optical modes within the bandgap. This technique can be used to
bring function to these crystals[21]. For example, a line of defects creates a waveguide
that can force light through tight junctions not possible with ordinary waveguides or
ﬁbres[27]. Using defect engineering, photonic crystals have been used to make micro-
beam splitters[28] and micro-interferometers[29], which in turn can be used for sensor
applications[30]. Other applications of photonic crystals range from the suppression
of spontaneous emission[31] to the formation of high Q-factor cavities for the study of
cavity quantum electrodynamics[32].
All these techniques, however, use two-dimensional photonic crystals fabricated within
a waveguide to achieve lateral conﬁnement. A natural continuation, therefore, would be
to build three-dimensional photonic crystals with all-axis conﬁnement.Chapter 2 Introduction to Nano-Structuring 16
Figure 2.5: Two dimensional triangular lattice of air holes in silicon forming a pho-
tonic crystal. (a) real space view showing scattering direction (b) k-space dispersion
relation for photonic modes. (c) intensity distributions for diﬀerent modes near the Γ
point.
2.4 Three Dimensional Photonic Crystals
Whilst time consuming, modern lithography techniques have little trouble creating
200nm holes in the top surface of silicon slabs to form two-dimensional photonic crystals.
However, a major technological challenge is how to produce three-dimensional struc-
tures, where no direct access is possible to any of the dimensions. The ﬁrst solutions
to this problem required painstakingly stacking dielectric micro-rods into a woodpile
type structure[33], or milling holes at diﬀerent angles to build up a three-dimensional
lattice[34]. These techniques, along with many others[35, 36] produced results, but were
time consuming and diﬃcult to manufacture; the ﬁnal crystals were also often extremely
fragile and only supported a narrow bandgap in all three dimensions. An alternative
to using these expensive ‘top down’ processing techniques was to change tack and let
nature perform the structuring through self-assembly.Chapter 2 Introduction to Nano-Structuring 17
2.4.1 Self Assembled Three Dimensional Structures
When a solution of micro-spheres is conﬁned and the solvent is allowed to evaporate, the
spheres will naturally sediment into a close packed three-dimensional structure. With
careful control, well-ordered crystals can be produced[37]. Due to this structuring, these
samples are highly iridescent, sharing many similarities with natural opal (ﬁg 2.6).
Figure 2.6: Natural opal is iridescent and colourful due to its structure (inset), ideal
for jewellery. Picture taken from [7]
Calculations have shown that while these artiﬁcial opals do not possess a full photonic
bandgap, the inverse structures, high index material interwoven with a close packed
array of air holes, do[38]. These structures are diﬃcult to manufacture because they
require ﬁlling the narrow channels between the spheres with material without blocking
the channels themselves. A number of techniques have been utilised to perform this
task[39], including chemical vapour deposition, oxide reduction, nano-crystal sintering
and electro-deposition. Of these techniques, only the one we have adopted, electro-
deposition, ﬁlls the structure from the bottom, eliminating the problem of blockages
and allowing exact casts of the initial template. Furthermore, after the spheres have
been removed, the electrodeposited structures are robust, durable and do not suﬀer
from shrinkage. Using this technique it is possible to produce structures made from
polymers[40], semiconductors[39], or metals[41].
Unfortunately, whilst self-assembly techniques have succeeded in producing three-dimensional
photonic bandgap structures[42], the control of defects makes the structures somewhat
unreliable at the present time and, as yet, there are no means to engineer defect sites such
as waveguides. With the improvements in holographic lithography it has now become
possible to build perfectly controllable, large, three-dimensional photonic crystals[43]. In
these structures, it is still hard to create the necessary refractive index contrast to form
a full photonic bandgap. However, the absolute control achieved using this technique,
whilst time consuming, makes it a more attractive fabrication route than self assembly.Chapter 2 Introduction to Nano-Structuring 18
In the pursuit of perfect quality photonic crystals the ﬁeld of self-assembly is perhaps
not ideal. However, many applications do not require stringent levels of quality, and can
ﬂourish on the quick and cheap techniques mastered over the past decade. The topic of
this thesis is just such an example; not only do the nanostructure metal ﬁlms produced
using a self assembly and electro-deposition route provide excellent ground for studying
the fundamental properties of surface plasmons[44], they can also be used for ultra-high
sensitivity molecular sensors[45].Chapter 3
Optical Properties of Metals
Metals make up a signiﬁcant fraction of the periodic table. It is not surprising, there-
fore, that much of human advancement has relied on understanding and utilising the
properties of at least the most common of these elements. The earliest use of metals
dates back to around 9000 B.C. when copper was used to create decorative jewellery;
this began a long relationship between humans and metals, which is still strong today.
The ﬁrst known examples of using metal nano-particles date back to Roman times where
exquisite colourations were achieved in stained glasses (ﬁg 3.1), however, it was not until
the end of the 19th century that an interest in understanding the optical properties of
metals truly began[46]. This work was performed by Michael Faraday and concentrated
on exploring the properties that give the Lycurgus cup shown in ﬁgure 3.1 its beautiful
colours. Here, the surface plasmon resonances of the metal particles eﬃciently scatter the
green light, giving the cup its usual colour. This allows only red light to be transmitted,
providing the strong contrast in colours that must have amazed the people of Roman
times. It is these types of interactions, along with many others, which has produced the
continued interest in the interactions between light and metals - the topic of this thesis.
This chapter will ﬁrst examine the fundamental properties of metals by, again, analysing
Maxwell’s equations. An exploration into light-metal interactions will then be presented,
building up to studying the properties of surface plasmons in varying guises.
3.1 Fundamental Optical Properties
As a ﬁrst approximation a metal can be considered to be an isotropic medium of di-
electric constant, , permeability, µ and conductivity, σ. Using the material equations
stated in chapter 2 (equation 2.5), Maxwell’s equations take the form:
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Figure 3.1: The Lycurgus Cup, made in the 4th century AD. The glass contains 70nm
particles of silver and gold with a ratio of about 7:3, this make the cup appear green
in reﬂection but red in transmission.
∇ · H = 0 (3.1)
∇ · E =
ρ

(3.2)
∇ × E + µ
δH
δt
= 0 (3.3)
∇ × H − 
δE
δt
= σE (3.4)
these equations can now be manipulated to provide information on the optical prop-
erties of this general material. Using equations 3.4 and 3.3 as expression for the time
variation of the electric charge density, ρ, can be obtained[26], see appendix A for the
full derivation. On integration, the solution to this equation can be found to take the
form:
ρ = ρ0e−t/τ where τ =

σ
(3.5)
the metals considered in this thesis all have large conductivities so the electrons have
exceedingly short relaxation times, τ; for gold this value is of order 10−14s. As the
variations in an optical ﬁeld happen on much longer time scales we can realistically set
ρ to zero. Now equations 3.4 and 3.3 can be rearranged to eliminate H. By considering
monochromatic light and assuming the plane wave solution to Maxwell’s equations,Chapter 3 Optical Properties of Metals 21
E = E0 exp(ik · x − iωt) (3.6)
The wave equations for a metal can be written:
∇2E + ˆ k2E = 0 where ˆ k2 = ω2µ

 + i
σ
ω

(3.7)
these equations are identical to those of a non-conducting medium if a complex dielectric
constant, ˆ  =  + iσ
ω = 1 + 2 is deﬁned. Now it is possible to also deﬁne a complex
refractive index, ˆ n = n + iκ =
√
ˆ µ, where κ is known as the extinction coeﬃcient.
Refractive index and dielectric constant are linked through the following equations:
n =
sp
2
1 + 2
2 + 1
2
and κ =
sp
2
1 + 2
2 − 1
2
(3.8)
now the plane wave equation can be rewritten, taking into account the complex wave
vector:
E = E0 exp

−2πκx
λ

exp

i

2πnx
λ
− iωt

(3.9)
here, the ﬁrst exponential is real and so quantiﬁes the absorption of the wave, the
second part is imaginary, corresponding to the oscillatory part of the wave. A value for
the penetration depth, δ, can now be deﬁned as the distance into a material the light
has travelled when it reaches a ﬁeld strength 1/e of its initial strength, this is known as
the skin depth.
δ (λ) =
λ
2πκ(λ)
(3.10)
For near infrared frequencies the skin depth of gold is of the order of 20nm. This distance
is small compared to the wavelength of the light, so there is little interaction between the
metal and the optical ﬁeld, in this regime the gold can be considered a perfect reﬂector.
This situation changes as the frequency is increased to the blue region of the spectrum;
to understand why, a closer look at the optical response of metals is required.
3.2 Optical Response
In the previous section it was assumed that a metal’s conductivity, dielectric constant and
magnetic permeability were all constants; in reality these properties are dependent on theChapter 3 Optical Properties of Metals 22
frequency of the incident light. This can be accounted for by calculating the frequency
response of the dielectric constant, while the other properties can be considered constant
over the spectral region of interest.
The dielectric constant of a medium is purely dependent on how the electrons within
the material respond to an optical ﬁeld. Electrons can either be bound to the host
atoms, as in a dielectric material, or be free to move through the material, as in the
case of a metal. Since an applied optical ﬁeld is oscillatory, both cases can be described
in terms of simple harmonic motion and are known as the Lorentz and Drude models
for dielectrics and metals respectively. The equation for simple harmonic motion of an
electron in a material can be written as:
m¨ x + b˙ x + Kx = eE (3.11)
where m and e are the electron mass and charge, b is the damping coeﬃcient describing
the energy loss due to scattering, K is the spring constant describing the restoring
force due to electrostatic attraction of the binding atom and E is the electric ﬁeld.
In a dielectric, electrons ﬁll the valence band so only interband transitions with large
energies are allowed. If it is assumed that the incident ﬁeld is less than that required
to induce an electronic transition the material is described directly by equation 3.11.
For a perfect metal, free electrons occupy a partially ﬁlled conduction band, allowing
intraband transitions of very low energies; this can be described by setting the spring
constant to zero. For the metals described in this thesis, as well as the free electrons
in the conduction band, electrons loosely bound to the atoms contribute to the optical
properties; hence a combination of both descriptions will be required.
To ﬁnd the dielectric constant, equation 3.11 can be solved in terms of the amplitude and
phase of the oscillations. By considering the polarisation of the medium and performing
some lengthy mathematics[26], solutions for the real and imaginary parts of the dielectric
constant can be found for both the dielectric and metal cases.
Metal, Drude solution:
1 = 1 −
ω2
p
ω2 + γ2 and 2 =
ω2
pγ
ω (ω2 + γ2)
(3.12)
Dielectric, Lorentz solution:
1 = 1 +
ω2
p
 
ω2
0 − ω2
 
ω2
0 − ω22 + γ2ω2
and 1 =
ω2
pγω
 
ω2
0 − ω22 + γ2ω2
(3.13)
Here the plasma frequency is deﬁned by ωp = ne2/m0, the relationship γ = b/m
quantiﬁes the damping in the system and ω0 =
p
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frequency of the bound electrons in a dielectric medium. These values are plotted in
ﬁgure 3.2 along with the corresponding complex refractive indices, found using equation
3.8.
Figure 3.2: Graphs showing the components of the complex dielectric function (top)
and the complex refractive index (bottom) for (a) metals, modelled using the Drude
equations and (b) dielectrics, modelled using the Lorentz equations.
In the case of a perfect metal, the electrons are free (ω0 = 0) and embedded within a
matrix of positive ions, giving the system zero net charge. Under illumination these free
electrons will oscillate and form a charge distribution within the metal, this in turn will
create an electric ﬁeld that will try to restore charge neutrality. At a certain frequency,
neglecting damping, the dielectric constant passes through zero (ﬁg 3.2a). At this point,
there can be no transverse electromagnetic modes in the material - the wave is purely
longitudinal - corresponding to a collective oscillation of the electrons in the direction of
the wave propagation. This is known as a plasma oscillation with corresponding plasma
frequency, ωp. In a quantum mechanical treatment of this problem the collective plasma
oscillation is known as a plasmon, a single entity made up of the combined eﬀect of
many particles. This notion of a complex eﬀect being redeﬁned as a single entity is a
powerful concept, and will subsequently be used throughout much of this thesis.
Figure 3.2b shows the frequency response of a dielectric material. In this case the binding
of electrons to atoms gives rise to a natural frequency of oscillation, ω0; which, in turn,
leads to a peak in absorption as energy is eﬃciently directed into the crystal lattice.Chapter 3 Optical Properties of Metals 24
Above ω0 the electrons can oscillate strongly and the real and imaginary parts of the
dielectric constant acquire the same form observed for metals, with 1 going negative.
The dielectric is, therefore, highly reﬂective in this frequency region, although absorption
signiﬁcantly reduces the eﬀect. Using the Lorentz and Drude expressions, it is possible
to calculate the optical properties of many materials; however, for many metals, such as
silver and gold, interband transitions makes life a little more complicated.
3.3 Real Metals
As previously mentioned, the Drude model does not accurately compute the properties
of a number of metals, including those used in this thesis. To understand this breakdown
one must consider the electron shell conﬁguration of these elements, ﬁgure 3.3 shows this
for gold.
Figure 3.3: Plot depicting the electron shells and energies for a gold atom, ﬁlled boxes
represent electrons, from [8]. Inset sketches electron dispersion for gold, the outer 6s
electron delocalises, leading to the conduction band.
The outermost, 6s, electron is responsible for the delocalised electron sea that gives gold
it metallic properties, however, it is clear that the closed 5d shell has a very similar
energy. Figure 3.3 also sketches the electron dispersion near the Fermi energy. This
clearly shows the delocalised s-band crossing the Fermi energy, thus allowing intra-band
transitions. Also shown is the localised 5d-band, which consists of a number of modes
(not shown, see [47] for more details) and represents a large number of electron states
just below the Fermi energy. It is this that adds complexity to the optical properties of
gold and is why modelling requires a mixture of Lorentz and Drude methods[48]. Rather
than attempting such a calculation it is perhaps better to turn to experiment to ﬁnd
the precise refractive indices of these metals[49, 50, 51], shown in ﬁgure 3.4.Chapter 3 Optical Properties of Metals 25
Figure 3.4: Experimentally deduced values for silver and gold of (a) complex dielectric
function, (b) complex refractive index and (c) reﬂectivity.
If these plots are compared to those of the precise models in ﬁgure 3.2, it can be seen
that the dielectric constants and refractive indices follow the trends of a pure metal,
decreasing with increasing frequency (the absolute value of the real dielectric constant
is shown, hence the positive value). However, around 2.5eV and 3.5eV for gold and
silver respectively, some rapid variations in the values occur. These correspond to the
interactions with bound electrons in the outer shells; this is most notable for silver,
where the graphs closely follow the dielectric model in this regime. Also plotted is the
reﬂectivity of these metals. As expected at low frequencies in the ‘pure metal’ region
of the spectrum 100% reﬂection is observed. However, as the interactions with the
bound electrons become stronger, energy is more eﬃciently coupled to these oscillating
modes, and so the reﬂectivity drops substantially. For the experiments performed in this
thesis the energy of the incident light never exceeds 3eV, allowing silver to be considered
a perfect metal and gold suﬀering absorption towards the higher frequency end of the
spectrum. For all metals considered in this thesis the experimental values of the real and
imaginary dielectric constants are taken from the classic paper published by P. Johnson
and R. Christy[50]. With this knowledge, the absorption of light from a metal can be
fully understood. However, experiments which observed the absorption of electrons ﬁred
through thin metal ﬁlms found other sources of absorption not observed optically[14].
This marked the discovery of the surface plasmon and the birth of the ﬁeld of plasmonics.Chapter 3 Optical Properties of Metals 26
3.4 Surface Plasmon Polaritons
In the previous section a plasmon was introduced as a quantised charge density ﬂuctu-
ation within an isotropic inﬁnite conductor. At a metal interface, however, this picture
must break down with the loss of one of the dimensions. Electrons will still oscillate along
the interface creating a variation in charge density (ﬁg 3.5a). By analysing Maxwell’s
equations it can be found that the possible range of oscillation frequencies range from
ω = 0 to ωp/
√
2, hence, surface plasmons will be excited at energies below that of the
bulk plasmon.
Figure 3.5: The surface plasmon. (a) Schematic of the surface charge and electric
ﬁeld, from [1]. (b) Electric ﬁeld distribution perpendicular to the surface. (c) Dispersion
relation for a surface plasmon, light line represents dispersion for light in a vacuum.
The longitudinal surface charge oscillations give rise to an electric ﬁeld perpendicular
to the interface which decays exponentially with distance (ﬁg 3.5b). This corresponds
to an evanescent ﬁeld above the surface with a decay length similar to that of the
wavelength of light. On the metals, the surface plasmon exists as a charge ﬂuctuations
which penetrating a distance equal to the skin depth. If the dielectric constants of the
metal and dielectric are taken to be m and d respectively, then by solving Maxwell’s
equations for an optical mode at the interface, the momentum of the surface plasmon is
found to be[52]:
ˆ k =
ω
c

ˆ md
ˆ m + d
1/2
(3.14)
for completeness, this equation can be split into real and imaginary components:
k1 =
ω
c

m1d
m1 + d
1/2
and k2 =
ω
c

m1d
m1 + d
3/2 m2
22
m1
(3.15)
since these equations have assumed an input electromagnetic wave, the solutions are for
an optical ﬁeld interacting with the metals surface, not just a charge ﬂuctuation. This is
known as a surface plasmon polariton (SPP). The SPP dispersion relation, ω(k) plotted
in ﬁgure 3.5c, shows that for small wave vectors the plasmon is close to that of the light
line, but always to the right hand side. Therefore, the plasmon has similar propertiesChapter 3 Optical Properties of Metals 27
to the optical ﬁeld but always has a greater momentum and is, as already discussed,
non-radiative. This increased momentum is associated with the binding of the mode
to the surface. For larger wave vectors the surface plasmon dispersion tends towards a
maximum value of ωp/
√
2, and resembles that of the bulk plasmon, the energy becoming
independent of wave vector.
Since SPPs do not directly couple to an optical ﬁeld they must be created via some inter-
mediate step[1, 53]. This requires either converting the incident light into an evanescent
mode by means of total internal reﬂection, or by scattering the light to higher momentum
via a grating or scattering site. The prism coupling method has been used extensively
when studying the properties of SPPs[53]. In this technique light is total internally
reﬂected oﬀ the base of a glass prism, which is then brought within several hundred
nanometres of a thin metal ﬁlm. The spatial extent of the SPP at the metal-air inter-
face is very small, so has the same dispersion as discussed previously. The light is within
the glass and so, due to the higher refractive index, has an increased momentum. The
evanescent mode of the light can carry this increased momentum through the air gap
and, if tuned to the appropriate angle (or in-plane momentum), excite a SPP mode[54].
Using this technique, many of the properties of SPPs have been characterised, such as
decay length and the interaction between plasmon modes on either side of the metal
ﬁlm[55, 56]. This technique, however, is limited to a very precise geometry and does not
produce some of the interesting features found when a grating is used as the coupling
mechanism.
In chapter two, it was shown that when the wavelength of light is twice that of the
periodicity of a dielectric structure, forward and back-scattered waves give rise to a
polariton wave. This polariton was shown to have markedly diﬀerent properties from
a pure optical wave, and produced eﬀects such as photonic bandgaps. If a slightly
corrugated metal sheet is considered (ﬁg 3.6a), there will be an eﬀective variation in the
refractive index at the surface. This will cause the optical ﬁeld to scatter into diﬀerent
photonic modes in the plane of the surface, very similar to that of a photonic crystal. The
SPP mode will also encounter the surface perturbation and scattered in a similar way,
(ﬁg 3.6b). Because of the similarities between the optical and plasmonic descriptions
the SPP mode will also be referred to as ‘Bragg’ mode in later chapters, to distinguish
it from other plasmon modes.
Now the surface plasmon mode also exists to the left of the light-line on the dispersion
relation. This is now in the radiative regime, allowing directly coupling to the optical
ﬁeld[57]. This corresponds to photons scattering oﬀ the grating to a higher momentum
states of the plasmon mode. Since the surface plasmon is bound to the surface, it will
be attenuated due to absorption within the metal. At visible frequencies, the typical
propagation distance for a surface plasmon on silver is 20µm, increasing to a millimetre in
the infrared. This distance is suﬃcient for the mode to be multiply scattered, allowing
the formation of a standing SPP wave[58, 59]. This standing SPP wave has manyChapter 3 Optical Properties of Metals 28
Figure 3.6: (a) Incident light is scattered and diﬀracted by a metal grating, the
scattered light has suﬃcient momentum to excite a surface plasmon that will couple
to the optical ﬁeld and form a surface plasmon polariton. (b) Dispersion relation of a
SPP. (c) Schematic of the SPP waves at the plasmonic bandgap.
parallels to the photonic crystal modes and can have nodes at the turning points of the
grating (peaks and troughs) or on the side walls (ﬁg 3.6c). As can be seen, whilst both
SPP modes have the same wavelength the ‘red mode’ has to travel a greater distance
than the ‘blue mode’. This increased distance between surface charges causes a greater
distortion to the electric ﬁeld, increasing the energy of the mode. This, of course, means
that for a single wave vector, two modes of diﬀerent energy exist and hence a SPP
bandgap[2, 60]. In two dimensions, the SPP can be considered as a Bloch mode that
light can couple into and out of. Besides the consideration of symmetry, this is precisely
the same as the one-dimensional case, for example on a triangular lattice there will be
six SPP modes corresponding to the diﬀerent scattering directions. This neat picture
begins to break down as the aspect ratio of the grating is increased beyond the point
where it can be considered as a perturbation of a ﬂat surface.
3.5 High Aspect Ratio Structures
For shallow gratings, SPP modes can be considered to scatter oﬀ the periodicity of the
structure, propagating simply in the plane. However, as the depth of the grooves in-
creases localisation eﬀects start to become important[61, 62], this is shown schematically
in ﬁgure 3.7. The electric ﬁeld of the SPP extends above the surface of the metal by
a distance similar to that of the wavelength of light. In the ﬁrst instance, for a low
aspect ratio structure, the SPP will traverse the surface as if it were ﬂat. As the grat-
ing aspect ratio increases, the electric ﬁeld of the SPP on either side of the groove will
start to interfere (ﬁg 3.7b). If the groove depth is equal to a whole number of plasmon
oscillations then a SPP standing wave will be set up within the groove[61, 63]. TheChapter 3 Optical Properties of Metals 29
localisation of the SPP causes the ﬁeld strength at the surface to be concentrated into
the groove, further localising the mode from adjacent cavities. The cavity mode exhibits
a ﬂat dispersion due to its localised nature except near the light-line, where anticrossing
is observed[64] due to the strong coupling between optical and SPP waves.
Figure 3.7: (a) On a normal grating the SPP will traverse the surface unperturbed
by the structuring. (b) As the aspect ratio of the structure is increased the evanescent
modes of the SPPs propagating on either wall will interfere. This leads to a conﬁned
standing mode within the grooves.
The nano-void samples considered in this thesis are similar to the high aspect ratio
grating, especially near thicknesses approaching the void diameter. However due to the
spherical shape of the cavity the localised modes take a diﬀerent form, more closely
represented by a Mie scattering ﬁeld solution.
3.6 Mie Scattering and Plasmons
The ﬁeld of plasmonics can be traced back to the ﬁrst studies of the optical properties
of metals when Michael Faraday observed changing colourations of solutions of gold
colloids. Since then a great deal of progress has been made in this ﬁeld, but metallic
colloids are still used in forefront research; none more strongly than in the ﬁeld of
surface enhanced Raman scattering. Whilst the work presented in this thesis does not
use metal particles, many of the results require an understanding of the tools developed
from colloidal theory[65].
It has been shown that in two-dimensions the optical properties of metals can be sig-
niﬁcantly modiﬁed by surface plasmon resonances; it will, therefore, not be surprising
that such surface eﬀects dominate the optical properties of small metal particles. It has
also been noted that a SPP can travel up about a 10µm over a silver ﬁlm at visible
frequencies. If a metal particle with a diameter of several nanometres is considered,
a SPP will traverse the particle many times before decaying. In reality, a SPP mode
will interfere with itself as it travels around the particle, leading to an electro-magnetic
standing wave. This standing wave will follow the ﬁeld of the incident light, taking a
dipole form for particles much smaller than the wavelength of light (ﬁg 3.8a). Higher
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wavelength scale due to spatial variations of the electromagnetic ﬁeld across the breadth
of the particle[66]. It is also interesting to note that an electromagnetic wave probes
structures many times smaller than its wavelength; this is shown beautifully in ﬁgure
3.8b where gold coatings have been applied to sub-micron sized dielectric particles in
solution. By varying the thickness of the gold layer by tens of nanometres the SPP is
tuned, in turn tuning the maximum scattering frequency, altering the colour of the light
transmitted through the solution[17].
Figure 3.8: (a) Pictorial representation of the electric ﬁeld around a colloidal particle
when illuminated. (b) Solution of nano-shell particles from [9], increasing the shell
thickness (left to right) alters the surface plasmon energy to longer wavelengths and
changes the scattering eﬃciency.
To obtain the solutions for the electromagnetic modes of a sphere of arbitrary size,
Maxwell’s equations must again be solved. By enforcing the boundary conditions that
the tangential components of both E and H are continuous at the interface between the
sphere and the surroundings a set of solutions can be obtained[67]. These solutions take
the form of a set of spherical Bessel, jl, and Hankel, hl, functions, and for transverse
magnetic waves the solutions can be written as:
dhl(k0R)[kiRjl(kiR)]0 − (ω)jl(kiR)[k0Rhl(k0R)]0 = 0 (3.16)
where (ω) and d are the dielectric functions of the sphere and the dielectric medium
respectively, R is the radius of the sphere and ki and k0 are the wave vectors inside
and outside the sphere. The solutions, and hence modes, of this equation take the form
of complex numbers. This reﬂects the fact that the modes have ﬁnite life times due
to radiative decay, and hence all solutions can couple to electromagnetic waves in the
surrounding medium[67]. The scattering of a plane wave by a sphere is given by Mie
theory, and the solutions are found to be the same as that shown in equation 3.16.
The full calculation for electromagnetic ﬁeld within the sphere and medium can also be
calculated, of which the lowest two orders are shown in ﬁgure 3.9. For small particles
these are the only modes which need to be considered[66].
The calculated scattered modes correspond to an electric ﬁeld distribution surrounding
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Figure 3.9: Calculated Mie scattered electric ﬁeld distributions of a metal sphere in a
vacuum for (a) (l,m) = (1,1) and (b) (l,m) = (2,1). Red dotted line indicates boundary
between the metal and the vacuum. From [10]
surface plasmons on small metal particles, discussed previously. If now the dielectric
constant of the sphere is modiﬁed to express it as a metal, a resonance condition is
found where 1 = −2d and 2 = 0. This is often referred to as the Fr¨ ohlich frequency
and describes SPP resonances for a spherical metal particle. When these equations are
substituted into equations 3.14, the resonances are found to occur when:
ωF =
ωp √
1 − 2d
=
ωp √
3
when d = −1 (3.17)
where ωF is the Fr¨ ohlich frequency. This is not too much of a surprise as equation 3.17
showed that for two dimensional conﬁnement the resonance occurred at ωp/
√
2. From
this understanding, it is possible to use Mie scattering results to calculate plasmon
resonances on colloidal metal particles with remarkable success[66], bringing about the
substantial amount of work performed in this area. This shows qualitatively the ﬁeld
proﬁle in the dielectric medium to be the same as shown in ﬁgure 3.9.
The Mie scattering equations for spheres are quite general so, by swapping the dielectric
constant of the sphere and surrounding medium, the modes of a dielectric bubble within
an inﬁnite expanse of metal can be calculated. The solutions, of which the lowest two
modes are shown in ﬁgure 3.10, are very similar to those of the particles.
Figure 3.10: Calculation showing the Mie scattered magnitude of electric ﬁeld dis-
tributions of a dielectric sphere in a metallic continuum for (a) (l,m) = (1,1) and (b)
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Since the equations for calculating the ﬁeld distributions of both spheres and voids are
very similar, the resulting plasmon modes are also closely related. However, there are
some very important and interesting diﬀerences between the two situations.
If ﬁrst a perfect metal is considered, the energies of plasmon modes of diﬀerent angu-
lar momentum can be found for both spheres and voids of varying sizes; the angular
momentum corresponds to the number of electric ﬁeld nodes in the system, and can be
written as:
|L| = ~l = rp = ~rk (3.18)
leading to the relationship between angular momentum, l, and wave vector:
k =
l
r
(3.19)
where r is the radius of the sphere (dielectric voids or metallic spheres). Figure 3.11 uses
this relationship to construct a dispersion relation for spheres and voids of diﬀerent sizes
using the energies calculated using equation 3.16. As would be expected, if the sphere
(or void) radius is made suﬃciently large, the shape of the SPP dispersion relation is
recovered.
Figure 3.11: Energy of Mie scattered solutions for both spheres and voids plotted
against angular momentum divided by radius of structure. Inset: cartoon showing ﬁeld
lines in each case.
The ﬁrst point to note in ﬁgure 3.11 is the symmetry between the voids, spheres and
the ﬂat surface; for some understanding into this it is useful to consider the case whenChapter 3 Optical Properties of Metals 33
both spheres and voids are much smaller than the wavelength of light[68]. In this limit
the electric ﬁeld can be considered electrostatic and the mode of a sphere follows the
equation[67]:
ω = ωp

l
2l+1
1/2
l = 1,2,3...
l = 0, ω =
ωp √
3, l = ∞, ω =
ωp √
2
(3.20)
and similarly the equations for voids can be written:
ω = ωp

l+1
2l+1
1/2
l = 0,1,2...
l = 1, ω = ωp, l = ∞ ω =
ωp √
2
(3.21)
in this limit, with changing angular momentum, it can be seen that the modes within
the voids will start at ωp and decrease to ωp/
√
2, while the modes for spheres will start
at ωp/
√
3 and increase to ωp/
√
2 (it should be noted that the l = 0 modes for spherical
particles are not allowed). This trend can indeed be seen by following pairs of lines
of the same colour, most easily observed when the radius is 100nm (purple), although
neither limit is observed due to the limited momentum range considered here. A similar
trend can be seen when, for a single angular momentum state, the radius of the sphere
or void is changed. As the radius increases, the surfaces ﬂatten and the mode energies
tend to that of the surface plasmon. However, spheres again start at low energies and
increase to this value while voids start at a higher energy and decrease. These features
can be understood by considering the electric ﬁeld for voids and spheres. The ﬁeld lines
must be perpendicular to a metal surface and, therefore, for spheres disperse into free-
space. For voids the ﬁeld lines are concentrated together, and can only travel a limited
distance given by the diameter of the void, ﬁgure 3.11 inset. This conﬁnement of the
electric ﬁeld leads to an increase in the energy of the associated mode relative to that
of the sphere. The diﬀerence in curvature also leads to around an order of magnitude
concentration of the electric ﬁeld lines between spheres and voids, producing larger ﬁeld
strengths. Furthermore, much of the void dispersion lies in the radiative part of the
dispersion relation, allowing direct coupling to an optical ﬁeld[69, 70]. This all indicates
that voids provide greater enhancement of the local electric ﬁeld over spheres, and this
is one of the primary reasons the nano-void sample considered in this thesis produces
such outstanding Raman spectra, as will be seen later.
Whilst ﬁgure 3.11 shows that at large angular momenta, both void and sphere plasmon
modes tend to that of the surface plasmon energy, the behaviour in the two cases is very
diﬀerent as l tends to zero. For spheres, the dispersion grows ever closer to the light-line,
corresponding to a reduced pinning of the mode to the surface. At l = 0 the ﬁeld is no
longer inﬂuenced by the particle, becoming purely optical in character, and, therefore,
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energies depending on the radius of the cavity. These solutions correspond to circular
symmetric cavity modes, similar to those found within an optical resonator.
Further modelling of the void geometry has been performed by collaborators on the
project[71]. This work considers a layer of spherical voids embedded within a metals
surface. The impedance, Zeff, of the structure is found by converting the nano-void
structure into an equivalent electric circuit, as shown in ﬁgure 3.12.
Figure 3.12: Lattice of voids and its equivalent electric circuit, taken from [11]
The Mie plasmons are modelled as charge accumulations across the void. For the lth
plasmon resonant mode, this is equal to a capacitance Cl connected in series with an
inductor and a resistor, LlRl. This allows the impedance of the surface to be written as:
Zl =
Rl − iωLl
1 − ω2LlCl − iωRlCl
(3.22)
by ﬁnding Ll, Rl and Cl in terms of the fundamental properties of the metal, the
frequency dependent solution to the impedance of the structure is found[11]. Maxwell’s
equations can subsequently be solved for light incident on a thin metal ﬁlm of impedance
Zeff. This leads to exact solutions for the transmission, reﬂection and absorption from
an array of nano-voids just below the surface of a metal. The ﬁnal solutions take the form
of a spherical harmonic expansion of a scattered plane-wave into an isolated cavity[71].
Coupling to the cavity mode is performed by making the top surface thinner than the skin
depth of the metal. This, therefore, allows evanescent coupling between the cavity and
the top surface. This approach has been used to calculate the interaction of the optical
ﬁeld between separated voids, as well as the interaction between a localised plasmon
mode and a surface plasmon[71, 72]. The localised plasmons will often be termed ‘Mie
plasmons’ due to their origins.
Unfortunately, at present there are no known analytical solutions to the modes of a
truncated void. This is because all current solutions to the problem require the spherical
symmetry of the cavities. Without spherical symmetry, no precise solutions to Maxwell’s
equations can be found and so no modes can be computed. A discussion into possible
theories for such structures will be considered in the light of the experimental ﬁnding in
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3.7 Plasmonic Applications
This chapter has so far introduced the existence, and explained the form of surface
plasmon polaritons. However, as yet no real concept of their use has been put forward.
Largely this is because, to date, there are few commercial applications of SPPs and
much of the work is for academic curiosity. This said, plasmonics holds great potential
for coupling together the worlds based on light and on matter, and hence are not just of
scientiﬁc interest[73, 74]. Whilst very much in its infancy, the ﬁeld of plasmonics has a
number of conceptual uses along with some very practical ones. This section will brieﬂy
explore the work of current interest across the globe, with the aim to realise practical
plasmonic devices.
3.7.1 Extraordinary Transmission
This highly controversial area of research was discovered back in 1998 by T. W. Ebbesen
et al.[15]. It was found that by milling a periodic array of sub-micron holes through a
thin silver ﬁlm the transmission of light was increased above the expected level. It is
believed that the structuring excites SPP modes on the top surface, which can partially
travel through the sub-wavelength size holes and excite a SPP on the underside of the
ﬁlm. If the two SPPs are in resonance, energy can be eﬃciently passed through the
holes and converted back to light on the underside. Reﬁnements in analysis also found
that the light was collimated as it was beamed out of the sub-wavelength apertures[4].
Since the original article, many lively discussions have entered the literature arguing
whether or not SPPs are responsible for the enhanced transmission or whether it is a
near ﬁeld optical eﬀect only[75, 76]. This aside, the eﬀect of extraordinary transmis-
sion could potentially be useful for sub-wavelength imaging as well as nano-lithographic
techniques[16].
3.7.2 Integrated Plasmonic Circuits
Plasmons link the worlds of the photon and the electron; as shown in the previous exam-
ple this can allow light to move through structures that are smaller than the diﬀraction
limit. This work has been extended to the concept of SPP waveguiding to produce
small-scale optical components suitable to integrate into standard microchips. It has
been shown that a grating can be used to couple light into and out of a SPP mode,
and recent advances have started to place components between these two steps. To
date SPP waveguides, reﬂectors and interferometers[77, 78] have all been demonstrated
experimentally as well as discussed theoretically[79]. One of the current problems facing
this work is the controlled conversion of SPPs back to optical radiation. Current work
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SPP or records random scatter from a SPP mode from defect sites. These techniques
are used because SPPs are easily scattered by defects and decay over relatively short
length scale. This makes any re-radiated signal too weak to be detected. With the con-
tinued advancements in nano-lithography and thin ﬁlm production, SPP waveguiding
and processing does hold some potential for the future.
3.7.3 Sensors
Sensor based applications is the ﬁeld where SPPs currently ﬁnd most use. Since the
1980’s there has been interest in using surface plasmons to characterise thin metallic
ﬁlms, as well as in the detection of gas and biomolecules[73]. Many of these sensor
applications have utilised the sensitivity of the surface plasmon to changes in refractive
index of the dielectric medium, equation 3.14, and a number of companies produce
products to this eﬀect[21, 80].
Another means of utilising SPPs in sensors is through the enhanced electric ﬁeld pro-
duced at the metals surface. Interest has been shown in plasmon enhanced ﬂuorescence[81,
82], but of greatest current interest in this ﬁeld is surface enhanced Raman spectroscopy
(SERS). This uses the enhanced electric ﬁeld of the SPP to induce Raman scattering in
molecules adsorbed on the metals surface, a process with allows detailed ‘ﬁngerprinting’
of many molecules. This will be discussed in detail in chapters 8 and 9, and has been
commercialised by the company Mesophotonics[21], a spin-out company linked to the
work presented in this thesis.Chapter 4
Sample Production and Analysis
All the samples studied in this thesis are produced using a two-step process: ﬁrst, latex
spheres are allowed to self-assemble into a close packed array on a conducting substrate.
Metal is then electroplated through the template to form a nano-structured surface.
Using this technique, samples of almost any metal and cavity diameter can be produced.
Most of the samples used in this thesis were fabricated by M.E. Abdelsalam, part of the
photonic-metals collaborative group. This simple approach elegantly produces complex
nanostructures that support a wealth of optical properties, which this thesis can only
start to understand. What is more the technique is quick, cheap and lends itself to
possible mass production applications.
This chapter will give a brief insight into sample preparation, then outline the analysis
techniques used to characterise the physical properties of the samples.
4.1 Sample Preparation
This section describes the techniques used to produces templates of self-assembled micro-
spheres. The electrochemical deposition procedure used to invert the template into a
structured metal surface is then discussed. There will then be a brief summary into
some of the more complex sample architectures also possible using multiple templates
or materials.
4.1.1 Template Deposition
From previous work on this project, it has been found that one of the most important
aspects is to control the morphology of the surfaces as well as the regularity of the surface
features. This is done by controlling the formation of a self-assembled template, which
has now been optimised to allow large monolayer domains of close packed spheres[83].
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This feat can only be achieved by understanding how forces work at the micro- and
nano-scale.
Mono-dispersed polystyrene latex spheres (Duke Scientiﬁc Corporation) are purchased
at a 1 wt.% solution in water. Sphere sizes between 350nm and 1µm have been used
with a typical variation in diameter of 1%. Initial work in this ﬁeld used a technique
of sedimentation to deposit the spheres onto a substrate[41]. Whilst this approach pro-
duced results[70, 69], the templates were comprised of varying layers of spheres and large
numbers of defect sites, making the optical features complex and quantitative analysis
diﬃcult. An alternative method using capillary forces was subsequently developed, al-
lowing far greater control over template formation[83]. This allowed the formation of
monolayers of well ordered spheres, greatly simplifying the surface geometries and al-
lowing easier analysis of data.
Typical templates are produced using the method depicted in ﬁgure 4.1. Substrates are
made of 250nm of gold evaporated on a glass side coated with 25nm of chromium. These
substrates are extensively cleaned by sonication in isopropanol, followed by a deionised
water rinse and dried using argon. All solvents used were of reagent grade quality and
obtained from Aldrich. Substrates are subsequently immersed in an ethanolic solution
of cysteamine for three days; this allows a monolayer of cysteamine to assemble onto the
surface. This cysteamine layer is more hydrophilic than gold and so reduces the contact
angle of liquids on the substrate, aiding the ﬁnal template production.
Figure 4.1: Left: cell used for template deposition. Right: Schematic of the meniscus
edge at the top of the cell. Spheres are drawn out of solution by the meniscus tail and
forced into a close packed domain by the surface tension between spheres.
The substrate, along with a clean cover slip, is then made to form a small ﬂuid cell
by means of a thin layer of Paraﬁlm (Pechiney Plastic Packaging, Inc). This cell has
a thickness of around 100µm and an area of 1cm2. Held vertically, the aqueous sphere
solution is added, and the cell is placed in an incubator at 25oC.Chapter 4 Sample Production and Analysis 39
The latex spheres are slightly negatively charged and so, when in solution, do not ag-
gregate. Evaporation of the solution can only occur at the top edge of the cell, and
here the cysteamine forces the water into a thin layer of approximately the diameter
of the spheres. As the solution evaporates, the sweeping meniscus tail draws spheres
out of solution and deposits then on the gold surface. Since deposition only occurs at
the meniscus edge and the rate of deposition can be controlled by the evaporation rate,
the seeding of a single domain becomes highly probable. Subsequent spheres will add
to the initial domain and, if the sphere concentration is carefully controlled, the entire
surface will form a single ordered close packed structure. The meniscus tail also pro-
hibits the formation of a second layer of spheres, keeping the geometry of the system to
the simplest case: that of a monolayer. This allows the optical properties of nano-voids
to be understood, before the more complex structures using multiple layer templates
are analysed (a topic for a future project). The capillary force is greater than that of
the electrostatic forces between the spheres as well as that of gravity; hence, deposited
spheres will be drawn together as the template edge dries, ensuring the spheres are
touching and helping the ﬁnal domain orientation to be well deﬁned.
Figure 4.2 shows a scanning electron microscope (SEM) image of a typical region of a
template. The template appears to be a single, monolayer domain of close-packed, touch-
ing spheres. The spheres are resistant to re-suspension when, in the next production
step, the sample is lowered into an electrochemical plating solution.
Figure 4.2: SEM image of a template made from 700nm spheres.
4.1.2 Electrochemical Deposition
Electrochemical deposition is performed using a three-electrode arrangement, depicted
in ﬁgure 4.3a. The sample on which the metal is to be grown forms what is known
as the working electrode. The counter electrode supplies the charge to complete the
circuit while the reference electrode is used to monitor the total charge passed through
the cell. A commercial plating solution (Technic Inc), containing gold ions, forms the
connection between the electrodes. For the sake of simplicity, the plating of gold will be
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and voltages. Figure 4.3b shows the time dependence of the charge when plating through
a micro-sphere template, where throughout plating the voltage is kept constant.
Figure 4.3: (a) Electrochemical deposition setup (b) Current vs. time for the deposi-
tion of gold through a close packed sphere template, initially a voltage is applied that
causes a capacitive eﬀect in the cell (i), then gold will begin to deposit (ii) until a steady
deposition rate is reached (iii). The changing area of deposition through the template
causes a change in current (iv).
At time t = 0 a voltage is applied through the cell and the working electrode becomes
negatively charged. Positive ions in the solution are drawn towards the negative elec-
trode, while negative ions accumulate near the positive one; this eﬀect gives rise to a
current (point i), which quickly returns to zero. The voltage in the cell is suﬃcient for
gold ions to overcome the coulomb potential and undergo the reaction: Au++e− → Au.
First, the nucleation of single gold atoms occurs, then the formation of islands as more
gold is deposited (point ii) and, ﬁnally, the formation of a gold ﬁlm. The speed of
growth is now limited by the rate at which gold atoms can diﬀuse out of solution and
into the plating region; this steady state is determined by the diﬀusion-limited current
(reached at point iii). By monitoring the charge passed in region (iv) the thickness
of the deposited ﬁlm can be calculated. When producing a nano-structured ﬁlm the
growth occurs through the sphere template, causing a modulation in the growth area
and a corresponding variation in charge. The peak, corresponding to a charge minimum,
in region (iv) corresponds to a thickness equal to the radius of the spheres, where the
deposition area is a minimum.
To grade the thickness of a deposited layer the sample is mounted on a micrometer stage,
allowing the systematic retraction of the surface out of the plating bath. At every step
the new plating area is measured, allowing the absolute thickness of each deposited step
to be calculated. After deposition the samples are washed in tetrahydrofuran for two
hours to completely remove the latex spheres, leaving a free-standing array of nano-voids,
(ﬁg 4.4).
Using this technique samples graded from zero to one ball height can be reliably pro-
duced. To date, samples made from gold, silver, nickel, platinum, palladium, copperChapter 4 Sample Production and Analysis 41
Figure 4.4: (a) Schematic of a graded thickness sample (b) SEM image of a nanos-
tructured gold ﬁlm with a void size of 700nm.
and poly-pyrolle have been produced. The versatility of this technique also allows the
production of more complex structures.
4.1.3 More Complex Structures
Using the techniques described above a variety of more complex structures can be pro-
duced. These fall into three categories: multilayer structures, double-deposition sample
and nano-dots. These structures provide excellent control over the optical properties
of the surfaces. However, due to the time constraints associated with this PhD, these
projects have only just been started and so will not feature heavily in this thesis.
4.1.3.1 Multilayer Structures
This technique is performed by depositing a metal ﬁlm of thickness less than one ball
height through a template. The sample is then placed in a plating bath of a diﬀerent
metal to complete the growth. This is a very ﬂexible technique and can be repeated
many times to form a multi-layer structure. Of interest to the current work is when a
combination of plasmon active and inactive metals is used. The ﬁrst metal is graded in
the usual way, then the second metal makes up the top 100nm of the whole structure (ﬁg
4.5). This architecture allows separate control over surface and localised plasmons, and
hence control over SERS active regions on samples. The disabling of surface plasmons
also helps to distinguish them from diﬀraction eﬀects.
4.1.3.2 Double Templating
In this technique, a thin layer of metal, typically 100nm, is deposited through a template.
After the template is dissolved, this pre-pattered substrate is coated in cysteamine and
again forms the substrate on which spheres will be deposited. Spheres will preferentially
deposit in the dishes on the substrate so, by varying the relative diameters of the spheres
in the ﬁrst and second template, a variety of geometries can be achieved. Two examplesChapter 4 Sample Production and Analysis 42
Figure 4.5: Double deposition samples. (a) 100nm of nickel topping a graded gold
sample, this should only support localised plasmons. (b) 100nm of gold topping a
graded nickel sample, allowing only the existence of surface plasmons.
of this technique are shown in Figure 4.6, where the second template consists of spheres
with smaller and larger diameters compared to those in the initial template respectively.
Figure 4.6: SEM images of spheres deposited on top of a pre-structured substrate,
(a) 700nm spheres on a surface structured with 900nm dishes. (b) 900nm spheres on
700nm dishes.
For smaller spheres, this process creates samples where the cavity diameter is diﬀerent
from that of the cavity spacing. This decoupling of sphere diameter and spacing give
much greater control of localised and delocalised plasmon energies. When spheres of a
larger diameter than those of the initial template are deposited the mismatch in size
leads to a more complex ordering, reminiscent of the quasi-crystal structures of current
interest in photonic crystal research[84].
4.1.3.3 Nano Dots
Much of the current research into SERS concentrates on colloidal particles deposited
onto a substrate. This technique provides very little control over the separation of
the particles and thus results prove hard to quantify. In the production of nano dots
discussed here, whilst the scale of the particles is larger than those used in colloidalChapter 4 Sample Production and Analysis 43
experiments, absolute control is gained over the dot sizes, separations and arrangement.
To achieve this, the properties of the polymer poly-pyrolle are exploited; this is a con-
ducting polymer that can be deposited in the usual manner but when exposed to UV
light becomes an insulator. If now a second electro-deposition step is performed, metal
can only seed in the small region at the bottom of the dishes where no polymer could be
deposited (the region where the base of the spheres touched the gold substrate). Sub-
sequent deposition will, in eﬀect, invert the template, creating metallic nano-spheres.
Figure 4.7 shows an SEM image where the dots were only grown to half height, forming
an array of gold hemispheres.
Figure 4.7: SEM images of gold nano-dots with diameters of 600nm, inset shows side
view.
4.2 Sample Characterisation
After production, samples undergo a rigorous set of analysis experiments. Some of these
characterisation methods are applied to all samples to understand the morphology over
the ﬁlm. Other tests are conducted to understand speciﬁc sample properties, the results
of which can be used to understand other experimental details. The biggest challenge
facing this project is ﬁnding the precise structural geometry at the diﬀerent thicknesses
across diﬀerent samples. This information is crucial to accurately compare and correlate
the complex optical spectra outlined in the coming chapters; hence, each characterisation
method has been used to try to gain more information to fulﬁl this goal.
4.2.1 SEM Characterisation
Directly after growth all samples are viewed using a Philips XL30 ESEM. This provides
information about the short-range order and crystalline structure of the ﬁlms along
with some information about the thickness. Figure 4.8a shows a typical SEM image,
viewing about ﬁfty voids. Clearly, the voids have formed an almost perfect close packed
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the image further statistics can be built up. Figure 4.8b shows the angle between voids
varies only fractionally from the expected 60o, but the void separation has a larger
spread of values. On closer inspection of the SEM image it can be seen that this spread
of void separations is due to stacking faults which, whilst maintaining the same domain
orientation, have distanced adjacent voids by varying amounts. This is probably due to
small variations in the drying rate of the templating solution. When larger ﬁelds of view
are observed it is often possible to ﬁnd larger faults and occasional sub-domains. At
the largest scale the primary sample domain is observed to wander in orientation over
the length of the sample. It is worth noting that whilst the imperfections of the sample
growth technique have been outlined, these samples are very well ordered for samples
formed via a self-assembly route and compare very favourable to others shown in the
literature[85, 86]. Whilst not of the same standard as structures produced using an
electron-beam system, the self-assembly route is much quicker and cheaper and is more
than capable of producing suﬃcient quality to observe strong preferential diﬀraction
from the hexagonal array (ﬁg4.8c).
Figure 4.8: (a) SEM image of a 700nm structured ﬁlm from which (b) statistics of
angle between voids and void spacings can be calculated. (c) Diﬀraction pattern of a
white light laser beam oﬀ a nanostructured sample, 6-fold symmetry is clearly evident.
Since the voids are spherical, further analysis of SEM images can be performed to ﬁnd
an approximate ﬁlm thickness by measuring pore mouth diameter as deﬁned in ﬁgure
4.9 and using the equation.
¯ t =
rvoid ±
q 
r2
void − r2
pore

2rvoid
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Figure 4.9: Deﬁnition of normalised thickness ¯ t = thickness/diameter along with
other parameters required to calculate the ﬁlm thickness from SEM images.
Here, the normalised thickness, ¯ t = sample thickness/diameter, is deﬁned, and will be
consistently used throughout the rest of thesis to deﬁne sample thickness.
SEM images of three diﬀerent thicknesses are shown in ﬁgure 4.10. Using equation 4.1 it
is possible to calculate approximate thicknesses for each of these positions. This image
highlights the variation in surface geometry with changing thickness. When thin, the
sample consists of an array of well-spaced shallow dishes, with a smooth interstitial top
surface. Near half void height, ¯ t = 0.5, the cavities are separated by triangular pillars
and touch the neighbouring six dishes in between these spikes. Above ¯ t = 0.5, the metal
is forced to grow out from these islands over the non-conducting spheres, leading to
increased roughness and less eﬃcient growth. In this thick regime the cavities start to
resemble spherical cavities, and at ¯ t = 1 become almost completely encapsulated.
The work done in this thesis focuses on samples made from a template of only one sphere
thickness, keeping the geometry described above at its simplest. If multiple layers of
spheres are used then above ¯ t = 0.5 the structure starts to take a diﬀerent appearance,
forming a honeycomb structure.
At ﬁrst sight it appears that the SEM images can provide suﬃcient information about
the ﬁlm thickness. However, the error in knowing the exact position of the void rim gives
rise to large errors in the calculated thickness, for this reason atomic force microscopy
(AFM) has also been performed on many samples.
4.2.2 Atomic Force Microscopy Characterisation
Using a TopoMetrix Explorer atomic force microscope the ﬁne details of a number of
samples were characterised. To minimise tip damage when traversing the high aspect
ratios surfaces the AFM was used in non-contact mode. For consistency AFM scans
were performed at the same positions that the SEM images were taken. Figure 4.11
shows a typical image and associated proﬁle from a sample made of 700nm voids.
The AFM images show the plated metal to be smooth down to around the 50nm length
scale and follow the spherical geometry well. From this data, an accurate ﬁlm thicknessChapter 4 Sample Production and Analysis 46
Figure 4.10: Top: SEM images of a 700nm nanostructured surface at normalised
thicknesses of ¯ t = 0.2, 0.5 and 0.9. Middle: Schematic cross-section showing geometry.
Bottom: Three-dimensional reconstruction of surface structure.
Figure 4.11: AFM data from a 700nm sample at a thickness of 250nm. Voids appear
smooth, spherical and close packed.
can be calculated. It is also possible to conﬁrm that the voids do not suﬀer any shrinkage
from the size of the template, thus the observed disconnected voids are caused during
template formation. Taking the average thickness of twenty voids for each measured
position on the sample, a map of sample thickness can be constructed (ﬁg 4.12).
Below ¯ t = 0.5 the AFM can accurately map the surface. However, for greater thicknesses
the geometry prohibits accurate reconstruction and the thickness has to be inferred from
the measured pore mouth diameter. This again leads to inaccuracy and uncertainly but
much can be learned from the data below half-void height. This shows the thickness to
be linear with position and so gives a reasonable guess for the true thicknesses above
¯ t = 0.5. This information is useful to calibrate other techniques and has proven toChapter 4 Sample Production and Analysis 47
Figure 4.12: Graph showing normalised thickness as measured by AFM as a function
of position for ﬁve samples of various void sizes, as shown.
be accurate for samples down to void diameters of 500nm. When initially performed,
the observed asymptotic behaviour towards ¯ t = 1 was of some confusion, however, the
reason for this will be found in following experiments.
4.2.3 Voltage - Current Analysis
In the section on sample production it was stated that the template geometry enforced
the shape of the current-time diagrams. Therefore, it might be considered that working
back from the current time graph the precise sample geometry could be found. This
indeed should be true; however, when grading the thickness of the sample the templating
is performed out of equilibrium. This makes it more diﬃcult to know precisely what
current corresponds to what geometry, if this could be found with absolute accuracy,
the problems of subsequent analysis would no longer exist. To try to solve this problem
the AFM data for the 600nm sample was correlated with the corresponding current time
curve, shown in ﬁgure 4.13. This sample was used as the thickness is mainly below ¯ t =
0.5 and so the data is more trustworthy.
This ﬁgure shows the current characteristics of the deposition of diﬀerent layers (plotted
in colours) against the theory for plating through a perfect template (plotted in black).
Due to the non-equilibrium nature of the plating a varying level of oﬀset has been applied
to the diﬀerent current curves, shown in the inset. This oﬀset has been done with the
aim of aligning each curve with the previous one and corresponds to the accuracy of the
guess to the ‘correct’ equilibrium current used for each plating step. Each curve starts
with a sharp spike, corresponding to the re-charging of the capacitive layer between theChapter 4 Sample Production and Analysis 48
Figure 4.13: Graph showing current passed vs. plating duration through a template
of 600nm spheres. Diﬀerent colours represent diﬀerent steps as the sample is retracted
from the solution. Inset shows oﬀset of each step required to align the diﬀerent plated
regions.
electrodes, the size of which is related to the required oﬀset. After this data ﬁx has been
performed, a comparison can be made between the current and the observed thickness
of each plated step, shown on the top axis. It can be seen that the tuning point in
the current plot closely relates to ¯ t = 0.5. If the current-time plot is used to estimate
the total ﬁlm thickness it can also be related to the AFM data, both giving a ﬁnal
thickness of ¯ t = 0.6. These connections make this characterisation technique promising,
however, above ¯ t = 0.5 the plating becomes less controlled and the current seems to ﬁt
the theory less well. Coupled with this problem is the uncertainty in the AFM data
above ¯ t = 0.5 also limiting further conclusions. It is hope that soon direct knowledge of
the ﬁlm thickness will be ascertained from the current-time plots, however, before this
can become reality further characterisation must be done, the likes of which are outlined
in the following section.
4.2.4 Further SEM Analysis
Whilst a huge amount of information on a number of samples has been gathered, one
problem is outstanding, the exact geometry and thickness of the ﬁlms. Below ¯ t = 0.5 the
AFM analysis appears accurate, but for the extreme geometries and overhangs above
this only educated guesses can be made. To answer this problem, samples are viewed
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helpful to cleave the samples to expose the cavity geometry. Figure 4.14 shows several
images of a 700nm sample at diﬀerent thicknesses.
Figure 4.14: SEM images of a 700nm void size sample at (a) ¯ t = 0.1, (b) ¯ t = 0.5, (c)
¯ t = 0.65, (d) ¯ t = 1 and (e) ¯ t = 1.3 after cleaving to observed precise void geometry. (f)
AFM and new SEM extracted thicknesses as a function of sample position.
Below ¯ t = 0.5 the sample appears exactly like the AFM images. Good uniformity
in height is observed and the cavities precisely taking the form of well spaced nano-
cups, ﬁgure 4.14a. At ¯ t = 0.5 the metal grows between the spheres and forms an
array of tetrahedral islands, ﬁgure 4.14b. These are spaced by about 100nm tip to tip
with the separation arising from the windows connecting the voids. As the thickness
increases further, the growth from these islands is easier upwards than outwards due to
the insulating nature of the spheres. This causes the islands to form domes and leads to
the apparent rapid increase in thickness observed by AFM. The islands connect around
¯ t = 0.6 leading to bowtie-shaped structures surrounding each void ﬁgure 4.14c. The
plating technique struggles to encapsulate the spheres and the ﬁnal geometry is that of
a spherical cavity connected to the surface via a funnel type structure, shown in ﬁgureChapter 4 Sample Production and Analysis 50
4.14d and e. The faster interstitial growth forms lumps on the top surface, running
down to the pore mouth. These are precisely what is observed using AFM analysis,
although the holes were assumed to lead directly into the cavity. This eﬀect leads to
the apparent asymptotic behaviour re-plotted in ﬁgure 4.14f. By carefully calculating
the void depth over the sample it is possible to conﬁrm that the growth rate is linear
and leads to thicknesses well above one-void-height. This data also correlates well with
the optical data presented in later chapters, where it was found a linear gradation of
thickness increasing to above ¯ t = 1 gave the most sensible results. The presence of
almost perfectly spherical voids also makes the modelling of the structures easier than
attempting to understand electric ﬁelds in non-symmetric structures.
Sample were also viewed using a Hitachi FEGSEM, one such image is presented in ﬁgure
4.15. The higher resolution of the FEG-SEM makes it possible to resolve the ﬁne details
of the voids.
Figure 4.15: High resolution FEGSEM image of 700nm diameter gold dishes.
This image conﬁrms the results from larger structures and other inferred measurements.
The voids have a hole at their base corresponding to a region where the sphere was
touching the substrate. This ‘window’ has already been utilised in the formation of
nano-dots, discussed previously. The holes at the base are quite large and allow a good
view of the evaporated gold substrate on which the ﬁlms have been grown. Strikingly
the electrochemically grown surfaces are signiﬁcantly smoother than the evaporated
substrate, with both possessing a roughness on the scale of 50nm and below (out of the
range of previous imaging techniques).
These ﬁnal two characterisation techniques nicely conﬁrm the cavities are smooth and
spherical, with a linear thickness gradient with sample position. Importantly, this allows
all samples to be calibrated, allowing direct comparisons between the diﬀerent optical
phenomena observed on samples of diﬀerent pitches.
4.2.5 Silver Samples
Whilst the gold samples have been shown to be smooth and well structured, SEM images
of silver samples show a diﬀerent story, shown in ﬁgure 4.16.Chapter 4 Sample Production and Analysis 51
Figure 4.16: SEM images of a silver sample, void diameter 500nm, thicknesses as
shown.
These images show that the silver plates well up to ¯ t = 0.5, however, above this thickness
the growth becomes somewhat erratic. This is probably because above ¯ t = 0.5 the silver
surface comes into direct contact with the plating solution. At this point more rapid
growth becomes possible and the slight diﬀerence in growth between spheres will now
lead to large diﬀerence in thickness at diﬀerent positions. When the metal grown from
the diﬀerent interstitial sphere sites meets, the eﬀect of multiple electrodes makes the
deposition process more diﬃcult to control. This eﬀect leads to the observed irregular
surface. These eﬀects are not observed on the samples made from other metals due to
more controllable growth. Another feature of the silver samples is an increased roughness
of the surface, again due to the less controllable plating conditions. Work is ongoing to
solve this problem, but it is suﬃcient for now to limit analysis of silver ﬁlms to below ¯ t
= 0.5.
4.2.6 (Quick) Optical Analysis
With a full understanding of the structural properties of a sample, it is useful to perform
a quick optical experiment to ﬁnd the fundamental absorption features present. This
optical characterisation gives direct information about the thickness and ordering of a
sample, as well as an indication of the overall appearance. Samples are viewed using an
Olympus BX51 optical microscope. The ﬁrst step is to ﬁnd the best horizontal sample
position to perform reﬂectivity experiments down the thickness gradation, ﬁgure 4.17a.
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Images and spectra are then taken along this line to form a data set such as the one
shown in ﬁgure 4.17 b and c.
Figure 4.17: (a) photograph of a sample made from 600nm voids, graded from ¯ t = 0
to 0.8. (b) 10 times optical image of the surface from top to bottom. (c) Normalised
spectra taken at regular intervals down the same line of the sample, surface plasmon
(SP)and localised plasmon (LP) features are indicated.
The clear variation in colour of the optical image shows the varying absorption of the
sample at diﬀerent thicknesses, the purity of the colour also indicates that the sample
is well ordered and smoothly templated. This image is also useful in showing the top
and bottom points of the line over which all subsequent data will be taken; this allows
well-correlated data on samples where variations are inherent. The set of normal inci-
dent, unpolarised reﬂection spectra are normalised to the reﬂection oﬀ a silver mirror
and show the fundamental features of the sample: at the top, sharp surface plasmon ab-
sorptions are visible, while the broader sweeping localised absorptions over the bottom
half of the sample are also clear. Using this data, it is easy to select samples that absorb
well at diﬀerent wavelengths for experiments where these resonances play a fundamental
role. The microscope can also be used at 200 times magniﬁcation to observe an ex-
tended region of the surface domain; this information is useful when relating orientation
dependent features at diﬀerent positions.Chapter 4 Sample Production and Analysis 53
4.2.7 Contact Angle
The wetting of a solid surface is characterised by the contact angle, this is the angle
between the water/air and water/solid interface and is controlled both by the surface
energy and the geometric micro-structuring of the substrate. Manipulation of the contact
angle is commonplace in chemistry and has already been mentioned in the previous
section on template formation. Here, cysteamine was used to alter the surface energy
and reduce the contact angle of the gold, forming a long meniscus tail in the solution of
micro-spheres. While the eﬀect of surface energy on the contact angle is well understood,
the eﬀect of altering the surface geometry on the micro- and nano-scales has been less
thoroughly explored. Again nature has been utilising this eﬀect for many millions of
years, the butterﬂy Papilio Ulysses, shown at the beginning of chapter 2 (ﬁgure 2.1),
uses the nano-structuring of its wings not only to produce the vibrant blue colour but
also to help water droplets slip oﬀ with ease. The droplets carry with them dust and
so the structuring provides a mechanism for self-cleaning as well as protection against
becoming waterlogged. With a similar structure to the butterﬂy wings, the samples
detailed here are ideal for testing the eﬀect of changing contact angle with structural
geometry. In these experiments 5µl droplets of water are placed on a sample at diﬀerent
thicknesses, photographs were then taken and analysed to ﬁnd the contact angles of the
droplets for the diﬀerent geometries, ﬁgure 4.18a, b.
Figure 4.18: Images of 5µl droplets of water on samples of thickness (a) ¯ t = 0.1, and
(b) ¯ t = 0.6. (c) Graph showing contact angle vs. normalised sample thickness, solid
line shows theory predicted by the Cassie-Baxter model.
On smooth gold the contact angle is measured to be 70o as expected, while on the
structured surfaces contact angles up to 130o are recorded, showing the surfaces have
become signiﬁcantly more hydrophobic. There are also clear variations in how proud of
the surface each droplet stands between the images. Since the material and pitch of the
structures are constant this eﬀect comes purely from surface geometry[87]. A plot of
contact angle vs. thicknesses is presented in ﬁgure 4.18c. This shows that the maximumChapter 4 Sample Production and Analysis 54
contact angle occurs when ¯ t = 0.5, corresponding to sharp features separated by large
air spacings.
There are two well-established contact angle modelling techniques, these are based on
diﬀerent assumptions, as shown schematically in ﬁgure 4.19.
Figure 4.19: (a) Schematic of Wenzel model. (b) Schematic of Cassie-Baxter model.
(c) Plot of contact angle against normalised sample thickness using both models.
The ﬁrst model, attributed to Wenzel[88], assumes that liquid ﬁlls a nano-structured
surface completely, ﬁg 4.19a. The apparent contact angle, θ∗, of the liquid is given by:
cosθ∗ = r.cosθ (4.2)
where r is the roughness factor of the surface, equal to the ratio of the total surface area
to the area projected in the horizontal plane. This model eﬀectively considers the ratio
of the surface tensions between the solid/liquid interface and the solid/air interface. An
increase in surface area gives rise to an increased importance of the solid/liquid surface
tension. Since the smooth gold surface wets, the increased surface area thus leads to a
further increase in wetability, and a reduction in the contact angle.
The second model, attributed to Cassie and Baxter[89], assumes that air is trapped
below the contact line within the structures, ﬁg 4.19b. The apparent contact angle in
this case is given by:
cosθ∗ = f1cosθ − f2 (4.3)
where f1 and f2 are the fractions of surface made up of solid material and air ﬁlled voids
respectively. This model is solely dependent on the topology of the top surface and so
follows a parabolic relationship with ﬁlm thickness due to spherical nature of the voids.
Figure 4.19c plots the apparent contact angle according to both models between ¯ t = 0
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the minimisation of the solid surface. The Wenzel model on the other hand predicts a
continuous reduction in contact angle due to the continuous increase in surface area.
Figure 4.18c shows the experimentally recorded contact angle over a fully graded sample.
Also presented on the image is the theory given by the Cassie-Baxter approach. A clear
correlation between the Cassie-Baxter model and the experimental data strongly indicate
that water does not enter the cavities for the majority of the surface geometries, instead
sitting on a cushion of air trapped within the voids.
A further interesting feature of the data is that at ¯ t < 0.1 where the contact angle
drops below 90o; this means the surface turns from hydrophobic to hydrophilic. This
change from wetting to non-wetting implies that the dishes should become ﬁlled with
liquid for these geometries and change to the Wenzel modelled scenario. Unfortunately,
the possible step in contact angle is close to the experimental errors so may be hard
to observe and so this conclusion currently remains unresolved. A similar change from
hydrophobic to hydrophilic is also observed above ¯ t = 0.9. In this case the change corre-
sponds to water wetting the top metal surface, not penetrating the almost encapsulated
voids. Understanding the wettability of these nano-structured surfaces is important to
understand how liquids act on the nano-scale, a topic of particular importance if the
surfaces are to be used in sensor applications.
4.3 Conclusions
The process of self-assembly and electroplating has been shown to be a powerful means
of producing nano structured surfaces both quickly and incredibly cheaply. The analysis
of the samples has shown that the samples are well ordered and that excellent control
and understanding of the surface geometry has now been achieved. Samples can be
made from a wide variety of materials along with combination of them, providing the
means to produce an almost limitless variety of structures. Work using these techniques,
combined with that of photolithography, to produce square array of holes along with
wires and other structures, is also currently being considered although too preliminary
to feature in this thesis. With a solid understanding of the sample properties, the way is
paved to begin to understand the complex and varied optical response of nano-structured
metals. However, ﬁrst, a discussion into the experimental setup will be presented.Chapter 5
Experimental Setup
The detailed optical experiments performed in this thesis use a computer controlled go-
niometer along with a number of diﬀerent lasers. The data produced is quite substantial,
so this chapter will provide an explanation into the diﬀerent imaging techniques applied
to the data in the forthcoming chapters, as well as a discussion into the experimental
setup.
5.1 Experimental Setup
Much of the work undertaken to date has been performed using a computer-controlled
goniometer. For the experiments exploring surfaces plasmons on the nano-metal sur-
faces, a super-continuum white-light laser performs the job of illumination. The full
setup is shown in ﬁgure 5.1.
A passively mode locked, 1064nm, 1ns, microchip laser (JDS Uniphase) is focused into
a holey ﬁbre (Blaze Photonics). The ﬁbre has a very small core and is designed to
have zero dispersion at the pump wavelength as well as being single mode for all guided
frequencies. The high conﬁnement in the ﬁbre core leads to strong non-linear eﬀect, for
this particular ﬁbre the most important of these is four-wave mixing[90]. As the light
travels through the ﬁbre this mixing process eﬃciently broadens the spectra of the pump
laser; after 20 meters the emerging light is well collimated and has an optical spectrum
from 480nm up to at least 2µm. The spectral characteristics are stable over time scales
of months for both intensity and shape.
The polarisation of the white-light laser beam is selected before the beam is guided onto
a sample. The sample can be moved in both in-plane directions (x and y) as well as
rotated in the θ/φ directions, as deﬁned in ﬁgure 5.1. This requires the laser beam to
be incident on the sample at the centre of both planes of rotation as well as the sample
being precisely aligned in the same planes; this requires a high degree of precision to
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Figure 5.1: Experimental setup for measuring the angle resolved reﬂectivity of nano-
structured samples. Inset shows deﬁnitions for θ - incident angle ,φ - sample orientation,
and x/y movement directions.
ensure the reﬂected laser beam will always precisely land on the opening of an optical
ﬁbre attached to the collection arm. The goniometer has no limit to the positive angles
it can record, however, this enforces a limit on the negative angles possible. When the
arm reaches (−)60o, a reﬂection direction of (−)30o, it reaches the beam focusing optics,
stopping its motion (the last mirror in the beam line is suspended from above to allow
the arm to pass under it). All sample movements, as well as the arm, are computer
controlled. The collection ﬁbre feeds into an Ocean Optics 2000 optical spectrometer,
with a range from 340nm-1000nm, resolution 0.3nm. The spectrometer is also directly
connected into the software written to control the goniometer. The whole system can
therefore be programmed to record the reﬂectivity of the sample at diﬀerent positions
and for both rotations of θ and φ, over the complete visible spectrum. This data is
subsequently normalised to the reﬂectivity of smooth gold and compiled into a four
dimensional matrix, R(pos,θ,φ,λ). The setup takes a spectrum of smooth gold for
each diﬀerent recorded angle to remove any reﬂectivity eﬀects associated with angle and
polarisation. Finally, cuts are taken to present various aspects of the data.Chapter 5 Experimental Setup 58
5.2 Data Presentation
To gain a clear understanding into the optical activity on the nano-metallic samples,
three diﬀerent types of data plot are utilised. These show diﬀerent aspects of the whole
data set and are shown in ﬁgure 5.2 together with the aspect of the data set they
represent.
Figure 5.2: (a) Schematic representation of the four-dimensional data set produced
by the reﬂectivity setup. (b) Dispersion plot, energy of reﬂected light vs. incident
angle around the Brillouin zone. (c) Angle plot, incident angle plotted radially, sample
orientation plotted in the polar direction. (d) Position map, plotting energy of reﬂected
light vs. sample position, and hence geometry.
Dispersion plots (ﬁg 5.2b) display the energy of the reﬂected light vs. the angle of the
incident light. These images form a ﬁgure analogous to the zone schemes used for
photonic crystals. The only diﬀerence being that here the bottom axis is the angle of
the input light, not the k-vector of the dispersion bands, although these are related by
k// = 2π
λ sinθ. Dispersion plots start at normal incidence, then scan out along φ = 0o to a
certain incident angle, ideally the Brillouin zone, then pan around the sample orientation
(φ = 0o → 30o) before scanning back to normal incidence along the φ = 30o direction.
These plots are extremely useful as they provide information about the dispersion of
diﬀerent features, for this reason they are the most widely used in this thesis and will
often appear with only the ﬁrst section, scanning incident angle at one phi orientation.
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blue represents negligible absorption, going through green to red, with white representing
maximum absorption.
Dispersion plots mainly map out energy vs. incident angle, however, it is also interesting
to observe the full angular dependence of the data, which requires what is termed as an
‘angle plot’ (ﬁg 5.2c). Angle plots show how, at a single sample position and energy,
the intensity of the reﬂected light varies with respect to incident angle (plotted radially)
and sample orientation (plotted in the polar direction). Angle plots cut the dispersion
plot at a single energy but show the full orientational spectrum; this provides a valuable
way of distinguishing features that are localised, which appear circular, and delocalised,
which possess a six-fold symmetry stemming from the close packed nature of the surface.
By overlaying the theoretical dispersion of the delocalised features, the exact sample
orientation can be calculated or veriﬁed for every sample position, allowing accurate
comparisons between diﬀerent positions on a sample. The colour scale used for angle
plots is identical to that of the dispersion plots.
The ﬁnal graph type is the ‘position map’(ﬁg 5.2d). As the name suggests, this shows
how, for a single sample orientation and incident angle, the position of the sample -
and hence the sample geometry - eﬀects the energy of diﬀerent modes. The position
map is much like the spectra taken from the microscope reported in chapter 4, but can
be viewed at diﬀerent θ and φ. The most practical use of the position map is when
comparing diﬀerent samples, but it is also good for providing intuitive information on
the two plasmon types. The information provided by the position map is unlike that of
the previous two plots and so is coloured from black (negligible absorption) to yellow
(maximum absorption).
Between the three image types, all required information about the samples can be ob-
tained; however, each individual plot requires that two parameters be ﬁxed. For this
reason, the data will often be presented in the form of ﬁlmstrips, on the electronic ver-
sion of this thesis many images will link to a video of the data with one of the variable
altered in the temporal dimension. These videos are available on the accompanying CD
in the front sleeve of the paper version, labelled correspondingly to the ﬁgure numbers.
This signiﬁcantly aids in the visualisation of the data and hence the understanding.
5.3 Raman and Fluorescence Setup
For both the Raman and ﬂuorescence experiments the computer-controlled goniometer,
used to measure reﬂectivity, is again utilised. There are, however, a few important
changes which are detailed in ﬁgure 5.3.
A diode-pumped, frequency-doubled Nd:YVO4 laser operating at 532nm can be used
either to directly excite the sample or to pump a continuous titanium sapphire laser,Chapter 5 Experimental Setup 60
Figure 5.3: Experimental setup for angle resolved Raman and ﬂuorescence experi-
ments.
tuneable from around 720nm to 850nm. Either beam can be easily positioned onto the
sample at the same point that the super-continuum laser was focused, allowing accurate
correlation between reﬂectivity and other measurements. A ﬁlter is positioned before
the sample to allow only the precise laser frequency into the experiment. A ﬁlter is
then also positioned after the sample to remove the laser line from the emitted light.
Spectra are recorded using a liquid nitrogen cooled Jobin Yvon Spectrum One CCD
camera, attached to a Triax 320 spectrometer. This provides spectra with a resolution
of 0.2nm. Again, the spectrometer is ﬁbre coupled and connected to a computer to allow
full automation of these experiments.
5.4 Raman and Fluorescence Graphics
While in no way producing the volumes of data generated in the reﬂectivity experiments,
Raman and ﬂuorescence measurements have an extra degree of freedom, because now
the pump and detection angle need no longer be correlated. It has been found that
the best method to present this data is in two diﬀerent types of dispersion plot, known
simply as pump-scan and detector-scan plots, shown schematically in ﬁgure 5.4.
Both plots are for a single sample position and orientation and have the energy of the
emitted light as the y-axis. In a detector scan the sample is held at one angle - and
hence a single pump angle - and the detection arm is scanned through a range of angles,
plotted on the x-axis of the corresponding image. This type of graph detects changes
in the output coupling of diﬀerent processes. A pump scan maintains a constant angle
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Figure 5.4: (a) Detector scan, sample does not move giving constant pump angle,
detector is scanned through ﬁfty degrees either side of sample normal incidence. (b)
Pump scan, both sample and arm are scanned by the same angle so a constant detection
angle is maintained, pump angle is scanned ﬁfty degrees either side of normal incidence.
on the x-axis of the associated image. These plots map out changes in the input coupling
eﬃciency of a given process. To maximise intensity while one angle is scanned the other
is kept on resonance, estimated from the maximum absorptions of the reﬂectivity. The
colour scale of these images is that of a rainbow, violet representing zero intensity up to
red for maximum intensity.Chapter 6
Types of Plasmons
6.1 Introduction
Using the experimental setup shown in the previous chapter, the reﬂectivity of many
diﬀerent nano-structured substrates has been recorded. Throughout these experiments
two types of feature are observed. These correspond to delocalised Bragg plasmons and
localised Mie plasmons, shown pictorially in ﬁgure 6.1a. Bragg plasmons are surface
plasmon polaritons that are excited through Bragg scattering oﬀ the periodicity of the
surface. Mie plasmons are also surface plasmon polaritons, however, are localised within
the truncated spherical geometry and have electric ﬁeld distributions closely related to
those of Mie scattering.
As the incident angle of the laser beam, the sample orientation and the sample thickness
are varied strong variations in the observed reﬂectivity are recorded. Figure 6.1b shows a
set of reﬂection spectra taken from a gold sample with a void size of 900nm. The sample
thickness was set to ¯ t = 0.2 and the incident angle was 20o, the sample orientation was
then rotated through 60o, one symmetry rotation for a close packed array, with spectra
taken every 10o. The spectra are normalised to the reﬂection oﬀ smooth gold to remove
eﬀects due the spectral shape of the laser light, along with the absorption of the gold.
Two types of features are clearly present in the data. The ﬁrst, centred around 1.7eV, is
a sharp absorption mode that changes energy and splits with sample orientation. This
is a delocalised Bragg plasmon. The second absorption feature is positioned at 2.3eV;
this is broader than the Bragg plasmon and has no dependence on sample orientation.
This feature is a localised Mie mode.
Bragg plasmons are delocalised SPP modes that freely propagate over the top surface
of the samples. Excited through scattering oﬀ the periodicity of the surface, the energy
of the observed Bragg plasmons is highly dependent on incident angle as well as the
sample orientation. The ﬁrst section of this chapter will explore this relationship and
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Figure 6.1: (a) Pictorial representation of Bragg and Mie plasmons on the nano-
structured surfaces. Deﬁnition of incident angle, θ, and sample orientation, φ, also
shown. (b) Set of reﬂection spectra taken at ¯ t = 0.2 on a gold sample with void size
900nm. Incident angle is set to 20o and sample orientation is varied as shown, spectra
oﬀset for clarity.
ﬁnd that, when the samples are very thin, it is suﬃcient to model these energetics
using a weak scattering approximation. This means no knowledge of the actual surface
structure is required, only the periodicity. As the ﬁlm thickness increases this model
begins to break down and an extension to the weak scattering model is provided to
account for an observed reduction in mode energies. Bragg plasmons are also found
to scale universally with sample pitch, in agreement with predictions. The polarisation
dependence is measured and found to be quite complex. A model is presented based on
polarisation rotation and re-absorption to account for many of the observed features.
Mie plasmons are localised electric ﬁeld distributions pinned inside the voids on the
surface. Experimentally, these modes are found to be independent of incident angle and
sample orientation, as expected for a localised mode. The energy of the Mie plasmons
is, however, found to be highly dependent on the sample thickness. Further experiments
have found that the Mie plasmon modes scale with void diameter and, again, exhibit an
interesting polarisation dependence. Whilst it is possible to calculate the energy of a Mie
plasmon in an enclosed spherical cavity, currently it is not possible to do the same in the
truncated spherical geometries used experimentally. For this reason two intuitive models
are put forward to quantitatively explain the observed behaviour. The ﬁrst is based on
a ray optics approach. This calculates the interference between the diﬀerent ray paths
through a truncated spherical cavity. This provides a set of reﬂectivity minima which
agree, to some extent, with experimental ﬁndings. The second model assumes a plasmon
standing wave exists within the void. This standing wave is pinned at the void rim, and
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with the data and is extended using the modiﬁed dispersion relation for a gold cavity
calculated in chapter 3. Finally ﬁnite diﬀerence time domain modelling is employed to
help visualise the electric ﬁeld distributions present within the void geometries.
6.2 Bragg Plasmons
At thin regions of the samples the shallow, well spaced, dishes form a two-dimensional
grating. These structures are highly diﬀractive (ﬁg 4.8) since the ordering of the surface
structure is good. Since diﬀraction and Bragg modes are both delocalised, studying
the diﬀractive nature of the substrates will provide some insight into the plasmonic
dispersion. To do this, a sample is set to a particular incident angle and a detector scan
is performed to collect the light exiting the sample away from the reﬂection direction,
an example of this data is shown in ﬁgure 6.2.
Figure 6.2: Detector scan of the diﬀracted light from a gold sample, void size =
500nm, incident angle = 45o. Colour scale from purple (zero intensity) to red (maximum
intensity). Black line shows theoretical diﬀraction behaviour.
Here, the sample is illuminated at 45o and orientated to collect the ﬁrst order diﬀracted
light (φ = 0o). The black line, overlaid, shows the expected trend assuming the sample
diﬀracts according to the weak scattering approximation. This means that the depth
of the structures is much less than the wavelength of light, and so the surface can be
considered to be ﬂat with some scattering centres of zero size separated by the void
diameter. The k-vector, k(E), of the scattered light can then be calculated for diﬀerent
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k =
eE
~c
√
d (sinθ ± nΓ) (6.1)
where d = 1 as the sample is analysed in air, n is an integer expressing the diﬀracted
order (n = -1 in the case of ﬁgure 6.2) and Γ is the grating vector, taken to be
q
3
4D as
discussed in chapter 2. The high degree of correlation between the data and the theory
suggest adequate modelling using the assumptions of point scattering and a plane spacing
of
q
3
4D. The intensity of the diﬀracted light is about two orders of magnitude less than
the incident light intensity. This is because the thickness of the diﬀraction grating is
much smaller than the wavelength of light, and so the diﬀraction eﬃciency is low[91].
The variations in diﬀracted intensity are something of a complexity in the data and will
be discussed in more detail later in this chapter.
If now the reﬂectivity of a 600nm pitch sample is recorded for all sample orientations, as
well as incident angles from 0o to 50o, Bragg plasmon modes and diﬀraction eﬀects will
appear as reductions in the reﬂected intensity. In the case of diﬀraction, this reduction
is purely due to the light being redistributed into diﬀerent, un-detected, directions as
shown above. This will be true for the Bragg plasmon modes as well, however, absorption
will be a much stronger eﬀect. Figure 6.3 shows how the intensity of the reﬂected light
at diﬀerent energies depends on the angle of the incident light for three diﬀerent sample
orientations. It should be noted the ﬁgures only shows Bragg modes that couple to the
optical ﬁeld, so does not image the full dispersion of the Bragg plasmon modes, purely
the radiative part. However, the data presented can be considered to map much of the
Bragg plasmon dispersion.
Figure 6.3: Dispersion map for a gold sample with void size 600nm, ¯ t = 0.1, at
several sample orientation, as shown, light is transverse magnetic polarised. Black and
white lines show theoretical positions of SPP modes and diﬀractive features respectively.
Purple dashed lines in (c) show energies where data from ﬁgure 6.5 is taken. [hotlink
to video by clicking on image in electronic version]
Also included in ﬁgure 6.3 are the theoretical curves showing the behaviour of diﬀraction
eﬀects and Bragg plasmon modes. The diﬀraction theory has already been discussedChapter 6 Types of Plasmons 66
and shown to be accurate in the previous experiment. The Bragg plasmon modes are
modelled using the same weak-scattering approximation. This approach allow the SPP
to be modelled using the same equations used for diﬀraction, but applying the eﬀective
refractive index, SPP, given by the surface plasmon dispersion, equation 6.2, in place
of the constant d.
ˆ SPP =
s
dˆ m
d + ˆ m
(6.2)
Where d and ˆ m are the dielectric constants of the dielectric medium and the metal re-
spectively. At very small values of ¯ t, this approximation is reasonable, however, revisions
will have to be made as the surface becomes more structured.
A further experimental complexity is the requirement for the reﬂected light to pass under
the mirror responsible for directing the incident light onto the sample, as shown in ﬁgure
6.4.
Figure 6.4: Schematic of light path from the last mirror in the beam path to the ﬁbre.
This setup require an incident angle of about 2o in the plane perpendicular to that of
collection.
This forces the use of an angle of incidence θy = 2o perpendicular to the detection plane.
This means that the data is only recorded down to θ = 2o. Both data and theory are
corrected for this slight angle, causing the sharp band through the data at θ = 0o and the
splitting in energy of the theoretical (and experimental) modes around the normal. In
the case of ﬁgure 6.3 the incident light and detection optics are transverse magnetically
(TM) polarised. In this thesis TM polarisation is deﬁned as the electric ﬁeld vector
of the light being orientated perpendicular to the metals surface. Finally, it should be
noted that there is a weak localised plasmon mode around 2eV, causing extra absorption
and slight shifts in the pure Bragg plasmon mode. These features will be discussed in
detail in the next chapter.
Since both Bragg plasmon modes and diﬀraction are delocalised, these features are
expected to vary with sample orientation, following the six-fold symmetry. This is
shown clearly in ﬁgure 6.5, plotting sample orientation against incident angle for three
diﬀerent energies as indicated in ﬁgure 6.3c.Chapter 6 Types of Plasmons 67
Figure 6.5: Angle plots for a gold sample with void size 600nm, ¯ t = 0.1, taken at
energies of (a) 1.2eV, (b) 1.5eV and (c) 2eV. Light is transverse magnetic polarised.
Black lines show theoretical positions of SPP modes. [hotlink to video by clicking on
image in electronic version]
A good ﬁtting between the Bragg mode theory and experiment is observed throughout
incident angle, sample orientation and energy, although the presence of the localised
mode near 2eV causes some small discrepancies. It is interesting to note that there
is not such a strong correlation between the data and the predicted diﬀracted modes.
Whilst the samples are clearly diﬀractive, the measured intensity of the diﬀracted light
is much smaller than that of the incident laser. This means the reduction in reﬂected
intensity will be small. Further to this, the Bragg plasmon modes are highly absorptive
and so swamp any diﬀractive features present. In fact, for most experiments very little
diﬀraction is clear in the data; so, while its presence is acknowledged, only the plasmon
theory will be considered for much of the rest of this thesis.
Excellent correlation between experiment and theory is observed in the angle maps (ﬁg
6.5), with features strengthened when diﬀerent modes cross. These ﬁgures show that
the weak scattering approximation does indeed hold true for these samples and can be
used with conﬁdence to model the delocalised modes present on thin samples. A further
test is presented in ﬁgure 6.6, where the k-vectors of the Bragg plasmon modes are
calculated from the sample pitch and the angle of the incident light. This is plotted
against the observed energy of the Bragg mode, and the dispersion compared to that of
the theoretical plasmon dispersion. Again, a good correlation is observed between the
data and the theory until near the surface plasmon energy. Theoretically, the dispersion
passes through this energy, however, experimentally an asymptotic behaviour is observed
toward the surface plasmon energy. This is due to increasing attenuation near resonance
greatly decreasing the observed Bragg mode to below detectable levels.
6.2.1 Pitch Dependence
The model for the Bragg modes so far proposed is quite general and should work for a
range of sample pitches. This is veriﬁed by repeating the above experiment on a range
of samples made from diﬀerent void sizes, and hence pitches. Pitches between 500nmChapter 6 Types of Plasmons 68
Figure 6.6: Graph showing theoretical and experimental energies of the Bragg modes
vs. k-vector. Sample has a pitch of 700nm
and 900nm are presented in ﬁgure 6.7a. Since pitch is related to the mode energy, this
covers much of the range easily accessible with the spectrometer although pitches up to
20µm have been recorded by observing higher order modes[64].
As can be seen, the expected correlation between theory and experiment is again ob-
served, although to get this ﬁt a slight adjustment to the theoretical pitch is required.
Figure 6.7b shows the energy of the Bragg modes at θ = 0o plotted again their eﬀective
k-vector (k = 2π
pitch), which illustrates this shift in energy below the expected plasmon
dispersion. For low k-vectors (large pitches) the observed energy is very similar to that
predicted from the Drude oscillator model as well as the experimental dispersion of gold.
However, above 2eV, increasing k-vector leads consistently to lower energies than would
be expected from the observed plasmon dispersion. It should be noted that the ﬁnal
point of the graph is inferred by ﬁtting the theoretical model to the data and reading
oﬀ the normal incident energy. This has to be done because the normal incidence Bragg
mode energy is inside the plasmon absorption band and so is not detectable.
Analysis of the SEM images shows that the template packing is not perfect. This leads
to an average void spacing of about 30nm greater than that of the sphere diameter.
This, in turn, leads to an increase in eﬀective pitch as the void size decreases, and
so an increase in the eﬀective k-vector. The points on graph 6.7b are for extracted
experimental energies but assumed sample pitch. This means the k-vectors have been
over estimated, and this accounts for the observed discrepancy. For all subsequent data
in this thesis the true void spacing is used when showing the theoretical dispersion.
The equivalence of the Bragg modes on diﬀerent samples is neatly demonstrated in ﬁgure
6.7c, where the ratio of observed wavelength to sample pitch is plotted against incident
angle. In this graphic, the diﬀerent colours (red, green and blue) correspond to theChapter 6 Types of Plasmons 69
Figure 6.7: (a) Dispersion plots for samples at ¯ t ≈ 0.1, of diﬀerent pitches as shown.
(b) Extracted energy of normal incidence SPP modes as a function k-vector calculated
using sample pitch. (c) Combined image showing the 600nm (red), 700nm (green), and
the 900nm (blue) dispersions, normalised by eﬀective sample pitch.
dispersion from samples of pitches 600nm, 700nm and 900nm respectively. The diﬀerent
dispersions neatly match up producing the expected shape for any given Bragg mode
for this generalised case.
6.2.2 Thickness Dependence
As the thickness of the samples increases the weak scattering approximation becomes
less valid. However, since this model has worked so well up to this point, and the data
below ¯ t = 0.3 follows a similar trend, only a slight modiﬁcation to incorporate ﬁlm
thickness will be considered. This modiﬁcation assumes the Bragg modes are strongly
pinned to the surface, and so the increasing thickness will lead purely to an eﬀective
increase in the sample pitch. This assumption is valid since the decay length of the SPP
into free-space is of order 5 to 10 times smaller than the void diameter. Figure 6.8 shows
schematically the distances used and allows a simple mathematical model for the pitch
as a function of thickness:Chapter 6 Types of Plasmons 70
Figure 6.8: Deﬁnition of parameters used in the thickness dependency Bragg plasmon
dispersion
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this expression comprises two terms, the ﬁrst calculates the distance from the bottom
to the top of a dish of thickness t, where the cosine term is in radians. The second term
calculates the distance from the rim of the dish to a point midway between the two
dish centres - there are two scattering planes for every complete symmetry translation.
When this expression is used in place of the sample pitch in the scattering model, a
new function in terms of sample thickness is produced. Figure 6.9 shows a position map
of the 600nm sample for various incident angles. For every position the same domain
orientation is used (φ = 0o in this case). This is estimated from the data set to remove
the eﬀect of variations in the domain orientation at diﬀerent sample positions (this is
done for all position maps presented in this thesis).
Figure 6.9: Position maps of a gold sample at φ = 0o, void diameter = 600nm. White
lines show theoretical behaviour of Bragg modes as a function of thickness. [hotlink to
video by clicking on image in electronic version]
Although quite simplistic this modiﬁed model again ﬁts well with the observed data for
all thicknesses below ¯ t = 0.4. Above this thickness, the Bragg modes disappear as the
geometry of the surface becomes too structured to allow propagation. Similar behaviour
is observed for all samples indicating that the initial assumption that the Bragg plasmons
are tightly pinned to the surface can be viewed as accurate. Of the two observed Bragg
plasmons in ﬁgure 6.9 the higher energy mode deviates from the predicted values as
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around 2eV. Interaction between the Bragg and Mie plasmons lead to the observed
disagreement in energy between theory and experiment. As already mentioned a more
thorough analysis of these interactions will be presented in the following chapter.
As the depth of the surface structuring increases, the SPP modes should experience
a change in the eﬀective dielectric constant. This is due an increased level of electric
ﬁeld distortion, and is analogous to an increase in refractive index contrast in a photonic
crystal. It was shown in chapter 2 that for a photonic crystal with a dielectric contrast of
zero, the structure could be exactly modelled using the weak scattering approximation.
However, when a refractive index contrast was included the actual solutions required
the solving of Maxwell’s equations and lead to the formation of a photonic band. Figure
6.10 sketches the normal incident energy of a photonic crystal as the refractive index
contrast in increased, for this ﬁgure the average refractive index is kept constant.
Figure 6.10: Schematic of photonic bandgap formation with increasing refractive
index contrast, average refractive index is kept constant.
This shows that, for a refractive index contrast of zero, there is a single energy at normal
incidence, as predicted by a weak scattering solution. As the contrast increases, two
energy levels open up, with no states within the band gap inbetween. As the contrast
is increased further the bandgap widens. This result is much like that shown in the
data (where increasing thickness is equivalent to increasing refractive index contrast),
and provides a diﬀerent explanation for the observed trend. To precisely model the
experimental data, this means a full solution to Maxwell’s equations on the various
geometries would be required, which is currently not possible. However, it is interesting
to note that this approach predicts the data shows the possible formation of a plasmonic
bandgap. Unfortunately the mixing of Mie plasmons at this thickness makes analysis
diﬃcult, and no band increasing in energy with thickness has been observed to date.
This implies that either no bandgap has formed, the eﬀective refractive index causes
both bands drops in energy, or the upper mode is not optically allowed.Chapter 6 Types of Plasmons 72
6.2.3 Polarisation Dependence
The ﬁnal tests to be performed on the Bragg modes are those of polarisation dependence
for both incoming and reﬂected beams. While surface plasmons are purely transverse
magnetic (TM), the strong structuring of the surfaces allows the possibilities of the
excitation of surface plasmons from transverse electric (TE) polarisations[92]. Figure
6.11 shows the dispersion maps from a point, ¯ t = 0.2, on a 600nm void diameter sample
for both possible co-polarisations.
Figure 6.11: Dispersion maps for a 600nm sample at ¯ t = 0.1. Laser light and detection
polarisation are co-polarised, TM - TM and TE - TE, as shown.
The TM - TM (input light transverse magnetic polarised, output detection transverse
magnetic polarised) is similar to data shown previously. This shows the direct coupling
of the incident light into a surface plasmon mode. There is good correlation between
experiment and theory for the lower plasmon bands and the appearance of a localised
mode near 2.1eV leads to some complications to higher energies. The anomalous ver-
tical band near the centre of the image is due to a slight imperfection in the system
alignment. This leads to a reduced collection eﬃciency for some phi orientations, and so
an eﬀective reduction in absorption. This anomaly underlines the diﬃculties associated
with perfectly aligning the goniometer in all directions and should be ignored. The TE
- TE data also shows the coupling of incident light into plasmon modes. To convert an
incoming TE photon into a TM plasmon the light must scatter at some azimuthal angle
to the incident beam. This principle is shown in ﬁgure 6.12a.
If a TE polarised beam of light is incident on a smooth metal surface (red line) the
surface charge will be polarised purely in the plane, and reﬂect a TE polarised beam ofChapter 6 Types of Plasmons 73
Figure 6.12: (a) Schematic of polarisation rotation from a step in the surface proﬁle.
(b) k-space representation of nano-structured surface (c) Dispersion relation showing
scattering direction of diﬀerent bands at φ = 0o
light. Therefore, TE polarised light cannot couple to surface plasmons as there is no out
of plane component of electric ﬁeld. If, however, the surface is structured, the electrons
on the surface will no longer oscillate in the plane of the incident polarisation (blue
line). This now allows the excitation of an electric ﬁeld perpendicular to the surface,
and so the excitation of a surface plasmon. For a scattering angle of φ = 90o the resolved
component of the out of plane electric ﬁeld will be maximised. For the six fold symmetry
of the surfaces studied here, at φ = 0o no polarisation rotation is possible in the (0,1)
or (0,-1) directions as these are in the plane of the incident light, ﬁgure 6.12b, c. The
other directions will allow polarisation rotation so TE polarised light will be able to
excite Bragg plasmons in this direction. This means that the TE polarised light cannot
couple to the highest and lowest energy Bragg modes at φ = 0o and should only weakly
couple to these modes at φ = 30o. This is, indeed, what is observed in the data, with
the TE polarised light coupling only very weakly to the modes the TM polarised light
couples to most strongly. The TE - TE data does not ﬁt the theoretical dispersion as
well as the TM - TM data. The reason for this is unclear, and appears to be due to a
drop in energy of some of the plasmon modes. This could be related to the presence of
the localised plasmon at 2.1eV - the modes that ﬁt the theory are all situated at lower
energies. Again full justiﬁcation of this will be given in the following chapter.
Figure 6.13 show the light collected in a cross polarised conﬁguration. For a ﬂat surface
no polarisation rotation is observed, as discussed previously. The data, therefore, shows
the amount of light collected, rather than the amount absorbed (as is the case for the
co-polarised data). For easier comparison with the co-polarised data the colour scales
of these images have been reversed. It should also be noted that the intensity of the
polarisation rotated signal is 100 times weaker than that of the incident light. For a
simple one-dimensional diﬀraction grating, TM polarised light couples to the plasmon
mode most eﬃciently at φ = 0o, and TE light at φ = 90o. Therefore, since input and
output resonances need be considered, the greatest polarisation conversion occurs at
φ = 45o[93]. Due to the six fold symmetry of the samples presented here, again the
situation is a little more complicated.
The experimental data clearly shows delocalised features; however, they do not directly
correlate with the co-polarised data. Work on diﬀraction gratings has shown that theChapter 6 Types of Plasmons 74
Figure 6.13: Experimental and simulated cross polarisation data. (TM - TE and TE
- TM). Colour scale of experimental data is reversed to allow direct comparison with
the co-polarised data. Simulated distributions use co-polarised data, as shown.
shape of the polarisation rotated signal is equal to one minus the normalised absorption
of the incident light[92]. Due to the reversal of the colour scales between co- and cross-
polarised data, this would lead to identical looking data sets, which is unfortunately
not true. The co-polarised data represents a coupling into the diﬀerent Bragg plasmon
modes. As a next approximation the input and output coupling strengths could be
multiplied to ﬁnd the amount of coupling between the two polarisation states. This,
however, leads to the same intensity distributions for both types of polarisation rotation
(TE to TM and TM to TE). Since this is clearly not the case, further ideas must be
considered.
Figure 6.13 also shows two simulated intensity distributions, using the co-polarised data.Chapter 6 Types of Plasmons 75
In these data sets the light is ﬁrst considered to be converted into a Bragg plasmon (using
(1 - co-polarised absorption data)). These plasmon modes are then considered to be re-
emitted into the optical ﬁeld, as in the case of the grating. However, it is also assumed
that the output light suﬀers absorption from the output plasmon state (by multiplying
by the output polarisation absorption data). This leads to the simple mathematical
treatment of the co-polarised data for each cross-polarised simulation, as shown in ﬁgure
6.13. These simulated data sets show some nice correlations with the experimental data.
This is especially true for the middle segment at θ = 30o, where the TM - TE data shows
much sharper features than in TE - TM. In fact, using this technique the TE - TM data
is quite well simulated for all angles, although the intensities of the diﬀerent modes are
not always accurate. The TM - TE data appears to be less well simulated, mainly due
to the expected mode around 2.1eV. It has already been mentioned that there is a Mie
plasmon resonance at this energy. Mie plasmons modes are independent of polarisation
and so will not conform to the same theory being used to simulate the eﬀect of the
Brag modes. With this consideration the shape of the simulated TM - TE data is also
quite close to that observed, although again the absolute intensities of the modes are
sometimes diﬀerent from those observed.
Therefore, this model can be seen as a ﬁrst approximation to the complex behaviour
observed in the polarisation data. Further complexities will be found in the following
section, when the polarisation dependence of Mie plasmon is examined.
6.3 Mie Plasmons
At the thicker end of the samples the cavities form almost encapsulated spherical voids.
A discussion into the theory behind the expected modes present within a spherical void
was presented in chapter 3, and now it is possible to combine theory with experiment.
It will be shown that at ¯ t = 1 good agreement between experiment and the Mie mode
calculations is observed. However, the Mie plasmon calculations are limited to the
symmetry of a sphere, and do not directly provide any information on the mode proﬁles
from within truncated voids. For this reason a number of intuitive, less mathematically
rigorous, models have been developed and will be presented in this section, aiming to
bringing some light to these interesting electromagnetic phenomena.
6.3.1 Isolated Voids
To remove the eﬀects of Bragg plasmons a sample of isolated, randomly positioned, voids
was grown. The void diameter of this sample was 600nm and the graded thickness was
conﬁrmed through SEM images taken along the edge of a cleaved sample. Other SEM
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was observed, presumable due to capillary action between spheres during templating,
ﬁgure 6.14a. Figure 6.14b shows a dispersion map for this sample.
Figure 6.14: (a) SEM image of a gold, isolated, 600nm void sample at ¯ t = 0.5.
Dispersion maps of the sample shown in (a) at thicknesses of ¯ t = 0.2 and 0.5. [hotlink
to video by clicking on image in electronic version]
The dispersion map clearly shows that the observed modes are independent of incident
angle and sample orientation; this is true for all positions across the sample, of which two
are shown. This proves that the observed modes are indeed localised, and not aﬀected
by the surface structure. The quality of the data is less than that shown previously due
to the low absorption cross section of the small number of voids under illumination. The
only possible localisation of the electric ﬁeld is within the dishes, and so by varying the
sample thickness the eﬀect of varying levels of void truncation can be observed. Figure
6.15 shows two position maps of the sample at diﬀerent incident angles; the independence
of the modes to angles is again shown. Using the solutions to Maxwell’s equations of a
spherical void in an inﬁnite expense of gold (outlined in chapter 3), the energies of the
expected Mie plasmon modes at ¯ t = 1 can be calculated, these are also shown on ﬁgure
6.15.
Two clear modes are visible in the data, decreasing in energy with increasing thickness.
As the sample thickness tends to zero the modes shift towards the surface plasmon
energy (around 2.6eV). Above ¯ t = 0.7 the modes begin to increase in energy and tend
towards the values of the Mie scattered solutions. This is not obvious from this image
but will be fully justiﬁed in the following section. A number of modes are usually present
and tend towards diﬀerent energies as the thickness tends towards ¯ t = 1. From the data
it appears that these energies correspond to those of the Mie mode in a spherical void,
providing strong evidence for the origins of these features. The modes are not as sharp as
the Bragg resonances and appear to vary linearly with sample thickness; these traits are
also observed on the well-ordered samples. Figure 6.16 shows the comparison between
ordered and disordered 600nm graded samples. On the ordered sample (ﬁg 6.16b) theChapter 6 Types of Plasmons 77
Figure 6.15: Position maps of a gold isolated voids with diameters of 600nm. Incident
angle as shown. Blue dots show theoretical values of the Mie scattered l = 1 and 2
modes, purple line act as a guide to eye.
vertical steaks around ¯ t = 0.15 and 0.35 are due to blemishes on the sample causing extra
scattering, and hence reducing the reﬂectivity, as such these features can be ignored.
Figure 6.16: Position maps for gold samples with void diameters of 600nm, images
shown at normal incidence for (a) isolated randomly positioned voids and (b) close
packed ordered voids. Purple lines show guide for eye. (c) SEM image of a close packed
array of voids at ¯ t = 0.6.
The Bragg mode energy for normal incidence on the ordered sample is around 2.2eV,
causing the strong features for thin regions of the sample. This slightly perturbs the
upper localised plasmon and all but removes the lower one, although its presence can be
seen for ¯ t > 0.3. With this consideration, good agreement between the two sets of data
is observed and work on a large number of other samples has shown this to be a general
result. This implies that the localised modes act independently of one another and can
be considered as isolated. This is a some what surprising result as the voids are seen to
be connected with their nearest neighbours and for geometries around and below ¯ t = 0.5
the cavities only oﬀer weak conﬁnement, ﬁgure 6.16c. Nonetheless, on all close packed
samples for all geometries localised plasmon modes are observed and do not appear to
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Figure 6.17: Schematic of electric ﬁelds (a) surrounding metal spheres and (b) inside
metallic voids.
The reason for this is due to the strong screening of the metal, and emphasises a big
diﬀerence between the localised plasmons on spheres and in voids, shown schematically
in ﬁgure 6.17. For a sphere the electric ﬁeld decays over a distance of hundreds on
nanometres, allowing strong interactions between localised plasmons. Since the metal
screens the electric ﬁeld within 20nm this is not the case for localised void plasmons.
The interconnections between the voids are of sub-wavelength dimensions so cannot
eﬃciently couple radiation between cavities. Furthermore, the curvature of the dishes
always acts to localise the ﬁelds within the individual cavities. This helps stop the
electric ﬁelds in adjoining cavities from overlapping signiﬁcantly with one another.
The localised nature of the modes on ordered samples allows for easier experimentation.
The very weak absorption proﬁles of the isolated voids increases to almost total absorp-
tion for an array of many cavities. This allows a far greater variety of experiments to be
performed, bringing further insight to the energetics of the localised plasmon resonances.
6.3.2 Perfect Matched Plasmon Absorption
The previous section has outlined some of the properties of the observed localised plas-
mon modes on the nano-structured surfaces. This shows that at ¯ t = 1 the features are at
a similar energy to those calculated by Mie plasmon theory. However, since it is possible
to calculate exact solutions for this geometries above ¯ t = 1, it is worth studying this
thickness region in a little more detail.
Figure 6.18 shows a position map for a gold sample with a void diameter of 500nm. This
again shows the drop in localised plasmon energy with increasing thickness, up to ¯ t =
1. However, above this thickness the modes begin to increase in energy, tending toward
the calculated Mie plasmon solutions at higher energies.
While the origins of this counterintuitive energy shift are not obvious, their character has
been identiﬁed by our theoretical collaborators of T. V. Teperik et al. In this work theyChapter 6 Types of Plasmons 79
Figure 6.18: (a) Position maps for a gold 500nm sample for diﬀerent incident angles.
Green arrows show energies of Bragg plasmon modes, blue dashed lines show Mie plas-
mon modes. (b) SEM image of a similar sample close to the same thickness (700nm gold
sample at ¯ t = 1.2). (c) Schematic of theoretical and experimental sample geometries.
considered the rigorous solutions to the electromagnetic solutions for arrays of spherical
cavities embedded within a metallic medium, ﬁgure 6.18c (truncated voids are not yet
possible to model). This work allows optical coupling into the cavities by making the
top layer of metal thinner than the skin depth (which is of order 25nm for gold at visible
wavelengths). This allows the accurate calculations of the Mie plasmon modes, whilst
also achieving a perturbation of the isolated cavity.
Figure 6.19: Comparison between (a) theory and (b) experiment of the highly lo-
calised mode above ¯ t = 1. Arrows shown energy of isolated Mie plasmon mode. The
diﬀerence in thickness between theory and experiment is due to the precise geometries
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Figure 6.19a shows a set of extracted absorption spectra taken at diﬀerent thicknesses
through ﬁgure 6.18. This is compared to the simulated response of the system, plotted
in ﬁgure 6.19b. As can be seen, the proﬁle of the mode with increasing thickness is
computed to be almost identical to the experimental case. The theoretical model can
be understood by considering the direct optical coupling with the Mie mode. When
the top layer of metal is very thick, no coupling between the incident optical ﬁeld and
the localised Mie plasmon is possible. This means the Mie plasmon energy will be that
calculated for an isolated cavity. The line width of the mode will be set by non-radiative
damping as the mode has no optical ﬁeld to decay into. However, since no coupling to
the localised mode is possible, no absorption will be observed in the reﬂectivity spectra.
As the metal top layer is made thinner, evanescent coupling becomes possible between
the surface and localised ﬁelds. This will have several eﬀects: ﬁrstly, since coupling
between the ﬁelds is now possible, the mode will be observed as a drop in reﬂectivity.
As the coupling increases with reducing thickness, the amount of absorption will also
increase, as observed. The increase in coupling allows radiative damping of the localised
plasmon, and so with decreasing top layer thickness the width of the resonance also
increases. Finally, the increased coupling gives rise to an increased mode volume, and
so the energy of the Mie plasmon drops with decreasing top layer thickness.
The only diﬀerence between theory and experiment is the thickness of the top layer
required to produce the same shift in energy. This can be understood through the
diﬀerence in the exact geometries. Theoretically, the system is modelled as an enclosed
sphere while experimentally the voids maintain a small air channel (ﬁg 6.18b and c). The
optimum coupling in the experimental case is at a thickness above ¯ t = 1 of about 30nm,
compared to 5nm for the theoretical case. This six-fold increase in distance represents
an increased coupling between the cavity and the surface due to the air channel. The
comparable peak widths between experiment and theory imply that the coupling is
purely evanescent even in the presence of the air channel, which is again expected as the
hole is smaller than 100nm in diameter.
This experiment is very similar to those performed on the transmission through sub-
wavelength holes[15]. The diﬀerence between the experiments is that instead of enhanced
transmission, the sample acts as an eﬃcient optical absorber. The experimental data
shows at least 99% absorption of incident light over all incident angles. This perfect
absorption is a very interesting optical eﬀect under intense current study[11]. In theory
these perfect absorbers should also act as perfect emitters of black body radiation[94],
paving the way for further interesting experiments.
This experiment has two important conclusions. Firstly, above ¯ t = 1 both theory and
experiment show the same behaviour. This provides evidence that the observed plasmon
modes can be expressed as Mie scattered ﬁelds, and can be understood through the
theories presented in chapter 3. The pure Mie plasmon modes observed in the data
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thickness. Therefore, these plasmons are closely related to pure Mie modes, and will also
be termed Mie plasmons. The second observation is that while the initial data showed
the Mie plasmons dropping in energy towards the values calculated for an isolated void,
this is only fortuitous. This is shown in ﬁgure 6.18, where the l = 2 Mie mode drops in
energy toward the l = 1 value at ¯ t = 1. Above this height, however, the Mie plasmon
increases in energy back towards the l = 2 calculated state. This is an important
consideration, especially when considering the modelling of the truncated structures.
6.3.3 Pitch Dependence
With an understanding of the localised plasmons at ¯ t = 1, further experiments are
conducted to understand the properties of these modes when the sample thickness is
reduced. The ﬁrst of these is the pitch dependence.
The pitch dependence of the localised plasmons was analysed using samples of pitches,
500nm, 600nm, 700nm and 900nm. Figure 6.20a shows an extracted position map of
these samples, the size of the marker corresponds to the depth of the absorption feature.
As with the Bragg plasmon data, the y-axis has been scaled with the pitch to allow direct
comparisons between samples. This data was taken using an optical microscope at ten
times magniﬁcation; this corresponds to a numerical aperture of 0.3, which subsequently
allows the excitation of plasmons between normalised wavelength values of about 0.8 to
1. These features align with the normalisation of pitch as described in the previous
section.
While some correlation between diﬀerent normalised pitches can be seen, sharp modes
are not reconstructed as might be expected. Referring to chapter 3 the dispersion of the
Mie modes was shown to depend on the size of the voids as well as the momentum of the
resonance. For low angular momenta, as in the experimental case, a linear relationship
can be empirically obtained for an extra energy shift dependent on the void size. This
shift is calculated by setting the scale factor for the 500nm sample data to zero then
apply the equation E0 = E + 23.∆D
100.D where ∆D is the change in pitch relative to the
500nm sample. This has been applied to the data shown in ﬁgure 6.20b. With this
shift in place a much improved reconstruction of the modes is observed. This provides
stronger experimental evidence for the modelled dispersion of the Mie modes as well
as showing the total scalability of the system. It should again be noted that while the
Mie plasmon modes appear to tend towards the calculated energies (shown as black
triangles) this is a coincidence. The samples used to perform these experiments did not
have thicknesses above ¯ t = 1, so this thickness region could not be analysed. However,
from previous discussion it is known that the Mie plasmon start to increase in energy
at ¯ t = 1, and then tend towards the pure Mie mode values.Chapter 6 Types of Plasmons 82
Figure 6.20: Position maps showing the extracted absorption features of four diﬀerent
sample pitches, size of marker represents amount of absorption, purple lines show guide
to eye. Black triangles represent theoretical energies of calculated Mie resonances. (a)
Features have been solely normalised to void diameter, and (b) Dispersion of localised
plasmon is also taken into account
The observed trend of the Mie modes passes through the point where the dimensions
of the system are equal to the wavelength of light. This can be viewed as a boundary
between two diﬀerent optical regimes. When a structure is much bigger than the wave-
length of light, the interactions can be modelled in terms of rays; this greatly simpliﬁes
the solutions of the observed behaviour by ignoring the wave nature of the light. For
structures smaller than the wavelength of light, the ray model breaks down, instead
requiring a more thorough, currently intractable, model to be produced based on wave-
physics. Experimentally, cavities between 350nm and 5µm have been analysed, always
using visible and infrared light. In all cases similar Mie modes are observed, following
the universal trends shown in ﬁgure 6.20b. Since the experiments move from the regimes
of ray-optics to wave-equations some discrepancies should be expected at diﬀerent size
scales. Since no clear evidence for this behaviour has been found, it might be concluded
that the solutions to the ray-optics model are still valid even in the sub-wavelength
regime. This allows the constructions of a much simpler, more intuitive, model, as will
be described later in this chapter.
6.3.4 Polarisation Dependence
It has been shown that the localised plasmons observed in truncated spherical voids are
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information due to the spherical symmetry within the void; therefore, it would be ex-
pected that all possible polarisation conﬁgurations should show similar features. These
polarisation conﬁgurations are shown in ﬁgure 6.21 for the 600nm sample at a thickness
of ¯ t = 0.7.
Figure 6.21: Dispersion maps for diﬀerent laser and analyser polarisation conﬁgura-
tions. Data taken from a gold sample, void diameter = 600nm, ¯ t = 0.7. White lines
show calculated diﬀraction energies. Cross polarised data has a reversed colour scale
since it is showing the amount of polarisation rotation, not absorption.
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1.8eV the other at 1.4eV. A third weak mode is also present in the TM-TM data, and
its intensity appears to be linked with the intensity of the 1.8eV Mie plasmon. Since
TM-polarised light can strongly excite SPP’s this is attributed to a weakly mixed Bragg
mode persisting at these thicknesses - this will be justiﬁed in the following chapter. In
the TE-TE data only the two pure Mie modes are visible. Therefore, the co-polarised
data shows that both input polarisations can couple equally to the Mie plasmon modes,
as would be expected.
The cross-polarised data also shows the expected Mie modes. The data now shows
the intensity of polarisation rotated light, which is 100 times weaker than that of the
incident light (colour scales have been reversed for easier comparison). The clear dif-
ference between the co- and cross- polarised data is that for near-normal incidence the
polarisation-rotated modes appear to have zero intensity. This observation can be ex-
tended to say that the intensity of the polarisation rotated Mie modes only exists when
diﬀraction is allowed - only possible when ω(k) is at higher energy than the lowest theory
lines shown in ﬁgure 6.21. Before trying to understand this result it is useful to digress
from the polarisation experiments and reconsider the ﬁrst experiment outlined in this
chapter.
6.3.4.1 Mie Plasmon Enhanced Diﬀraction
At the start of this chapter the diﬀractive properties of a sample were studied. This used
a sample with a thickness of near ¯ t = 1 and showed that light of diﬀerent wavelengths
was diﬀracted at diﬀerent angles, exactly as expected from diﬀraction theory. There
was, however, a complexity in the data associated with the intensity of the diﬀracted
light. This was shown to vary in a systematic manner by about a factor of ﬁve between
diﬀerent wavelengths, repeated in ﬁgure 6.22a.
To understand this observation a further experiment has been performed. In this ex-
periment the intensity of the ﬁrst order diﬀracted beam was measured for all incident
pump angles. In ﬁgure 6.22a, a single pump angle was used (45o in this case) and all
outgoing angle were detected. This leads to a curved line through energy and angle.
As the incident angle (θi) is decreased, this curve shifts to higher energies and detected
angles (θd) following the diﬀraction equation:
θd = sin−1

nλ
Γ
+ sin(θi)

(6.4)
in ﬁgure 6.22c the intensity along this curved diﬀraction line is extracted and plotted
as a vertical line at the incident angle of the pump light. For a shallow diﬀraction
grating, where surface structure can be completely ignored, this image would be a single
intensity to the right of the theory line and no intensity to the left - where no diﬀractionChapter 6 Types of Plasmons 85
Figure 6.22: (a) Detector scan performed on a gold 500nm void diameter sample at
¯ t = 1, θi = 45o to observed diﬀracted light. (b) Schematic of incident, reﬂected and
diﬀracted beams. (c) Intensity of ﬁrst order diﬀracted beam as a function of incident
angle. (d) Theoretical calculation of (c).
is allowed. In ﬁgure 6.22c there is no diﬀracted intensity to the left of the diﬀraction
line, as expected. However, the intensity variation seen in the diﬀracted beam resolves
clearly into two bands on the right hand side the diﬀraction line. The arrows in the
ﬁgure correspond to the energies of the Mie plasmon modes at this thickness. A clear
correlation between the Mie plasmon energies and the enhancement in the diﬀracted
signal can be observed.
Again, since the experiment is performed near ¯ t = 1, the same theoretical frame work
used to calculate the perfectly matched absorption can be utilised by the collaborative
theory group. The simulation of this problem is shown in ﬁgure 6.22d. As can be seen,
there is close correlation between theory and experiment. This Mie plasmon enhanced
diﬀraction is due an increased coupling into the diﬀracted beam. Similarly, it can be seen
that the Mie plasmons couple better to the optical ﬁeld through the diﬀracted orders,
by the same argument.
It is now possible to return to the polarisation experiment shown in ﬁgure 6.21. A
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enhanced diﬀraction. The diﬀerence is that the polarisation experiment is performed in
the reﬂection direction - or zeroth order diﬀraction, not the ﬁrst order.
The data shows that Mie plasmons are only observed when scattering of the incident light
into the ﬁrst order diﬀracted mode is allowed. This implies a second order scattering
process is responsible. Here, re-radiated light from the Mie plasmon modes is scattered
into the ﬁrst order diﬀracted mode, and then back to the zeroth order where it is emitted.
While this process will occur for both polarisations, due to the small signal the eﬀect
will only be observed in the cross-polarisation conﬁguration.
6.3.5 Modelling of Mie Plasmons
Whist it is possible to precisely calculate the energies of Mie plasmon modes for en-
capsulated voids, currently it is not possible to do the same for truncated spherical
structures. The reason for this is symmetry. An encapsulated sphere is symmetric in all
directions so the Maxwell’s wave equations simplify to a set of exact solutions. When
the symmetry is broken these spherically symmetric solutions can no longer be used and
it is not possible to simplify the equations to ﬁnd resonant modes. For this reason, this
section presents two models to account for the energy of the Mie plasmons in truncated
spherical voids. These are brieﬂy shown in ﬁgure 6.23.
Figure 6.23: Diﬀerent Models of Mie plasmons. (a) Ray path analysis of the structure
to ﬁnd destructive interference. (b) Plasmon standing wave in two-dimensions (c)
Electric ﬁeld distribution calculated through Mie scattering in a perfect void (d) Finite
diﬀerence time domain modelling of the structure.
The ﬁrst approach (ﬁg 6.22a) is based on ray optics and assumes the Mie plasmon is a
pure optical mode within a cavity. Here, the phases of all possible ray paths through the
cavity are summed together. After the phase change upon reﬂection is also taken into
account the destructive interference modes of the system are calculated and compared
with the experimental data. The second approach (ﬁg 6.22b) is to model the Mie plasmon
as a pure SPP pinned to the metal’s surface. This plasmon is assumed to be a standing
wave trapped within the dish and pinned at the void rims. Using this model, plasmon
modes can be found and compared to the experimental data. Both modelling techniques
are intuitive and less mathematically rigorous than a full electromagnetic solution (ﬁg
6.22c), but are shown to produce results somewhat matching the experimental data.
The following section will compare the results from these models with calculations done
using a ﬁnite diﬀerence time domain computer simulations (ﬁg 6.22d).Chapter 6 Types of Plasmons 87
6.3.5.1 Ray-Optics Model
The ﬁrst method of modelling the optical properties of the truncated voids starts from
work performed by the previous post-graduate student working on this project[95]. Fig-
ure 6.24a shows images from polarisation experiments performed on 20µm diameter
voids. It was quickly found that the co- and cross-polarised reﬂected distributions came
from light ‘bouncing’ oﬀ the wall of the cavity and acquiring a polarisation rotation.
Figure 6.24: (a) Images of co- and cross-polarised reﬂections from 20µm voids. (b)
Theoretically expected output from the same cavity. From [12]
Sets of reﬂectivity minima were also observed for these larger structures, and the energy
of these minima were found to vary with thickness[12]. This provided the starting point
for a model based on rays traversing the cavity to be formulated. This model is shown
schematically in ﬁgure 6.25a.
Figure 6.25: (a) Schematic of a plane reﬂection oﬀ the ﬂat metals surface along with
1, 2 and -2 bounces within the cavity. Dashed lines show points from where ray path
distances are calculated (b) Theoretical position map using a three-dimensional ray
path interference model for a 600nm cavityChapter 6 Types of Plasmons 88
For this two-dimensional case a set of rays is brought onto the surface at an angle θi.
All possible reﬂections are then considered and a set of ray paths is produced. Only
rays leaving the surface in the reﬂected direction, θr (within a range of angle ∆θ set by
the experimental conﬁguration) , will inﬂuence the observed reﬂectivity, so all other ray
paths can be discounted from the model. This leaves contributions from rays of integer
numbers of bounces through the cavity. Figure 6.25 shows one, two and minus two
bounces along with the reﬂection oﬀ the top surface. For each ray path the total distance
between the phase front incident on the surface (black dotted line) and the front leaving
the surface (green dotted line) is computed. If light of a speciﬁc wavelength illuminates
the cavity it will travel the diﬀerent ray paths, and acquire a diﬀerent phase depending
on the distance it has travelled. The interference between these diﬀerent phases leads
to a modulation in the total observed intensity. If the calculation is performed in three
dimensions and the solid angles of each bounce are properly accounted for, a theoretical
position map can be produced. One such calculation is shown in ﬁgure 6.25b for a 600nm
diameter cavity at ¯ t = 0.5. This calculation shows a set of reﬂectivity minima, dropping
in energy as the thickness of the sample increases, an identical trend to that found
experimentally. As has been previously noted, the ray approximation should break
down when the structures become smaller than the wavelength of light. No obvious
change in the experimental optical response is observed as the as the structures pass
through this size scale so it is argued that the ray-approximation is still valid.
There are, however, a number of free parameters used in this model, which make quan-
titative prediction diﬃcult. The ﬁrst parameter to be considered is the number of
bounces the light makes while travelling around the void. Studies have shown that in
the two-bounce conﬁguration the curvature of the dish eﬃciently re-collimates the re-
ﬂected light[12], while other numbers of bounces lead to more diﬀuse light, although for
one bounce the large cross-section should still provide a noticeable eﬀect. From this, it
can be assumed that at least one and two bounces must be considered. Figure 6.26a
shows the dependence on the energy of the interference minima for numbers of bounces
from 1 to 1001. In this ﬁgure the phase change on reﬂection from each surface has been
considered to be zero (if included, when considering large numbers of bounces the phase
change on reﬂection becomes the dominant term, making results hard to interpret ).
This shows that there is a large diﬀerence between one and two bounces. However,
above this the modes tend quickly to a universal dependence, equal to that of light
propagating along the surface of the metal (ﬁg 6.26b). This is similar in many ways to
a surface plasmon mode, although no coupling to the surface is included in the model.
To incorporate some essence of the plasmon, the phase shift on reﬂection from the metal
can be applied for each bounce. However, before any further analysis is presented, a
look at the other free parameter should be considered: the Gouy shift.
The Gouy phase shift arises when a beam of light passes through a focal point[96, 97].
Around the focal point the beam is laterally conﬁned and this, through the uncertaintyChapter 6 Types of Plasmons 89
Figure 6.26: (a) Graph showing expected energies of absorption features at diﬀer-
ent normalised thicknesses. Cavities have a diameter of 600nm, numbers of bounces
as shown. (b) Schematic of large number of bounces eﬀectively appearing as a ray
travelling along the metals surface
principle, leads to an increase in lateral beam momentum. Due to momentum conserva-
tion, this subsequently leads to a decrease in momentum in the propagation direction,
which manifests itself as a change in phase. When the total phase change through the
focus is summed from −∞ to +∞ it exactly equals π. For a Gaussian beam proﬁle, this
phase change occurs mainly within a distance equal to the beam waist. The ray-optics
model presented so far depends critically on the ﬁnal phase of the outgoing light to
calculate the interference, and since focussing eﬀect are present within the cavity, the
Gouy shift cannot be discounted. However, due to the sub-wavelength character of the
dish, the distances the light can travel are less then that of the beam waist and so a full
shift would not be expected.
To match the ray optics model with the data it is assumed that the ﬁeld produced
by the rays should match the angular momentum of the Mie modes. This is shown
schematically in ﬁgure 6.27, and shows that one bounce should be the matched with l
= 1 and two bounces should be matched with l = 2. Figure 6.28 shows the ray-optics
theory with the experimental data from the isolated void sample.
Figure 6.27: Schematic showing link between number of bounces and Mie plasmon
angular momentum.
Here, the exact phase shift upon reﬂection is taken into account and the destructive
interference for normal incident light of one and two bounces is calculated. It is found
that by varying the Gouy shift of one and two bounces independently it is possible to
ﬁt the energy of the ray-optics modes at ¯ t = 1 to those calculated through the isolated
void calculation. Due to the presence of multiple interference minima, these values of
Gouy shift also turn out to be best for ﬁtting to the experimental data (as shown). ThisChapter 6 Types of Plasmons 90
Figure 6.28: Graph showing interference modes for 1 and 2 bounces, compared to
data from 600nm isolated voids and the energies of the l = 1 and 2 Mie modes.
ﬁtting required a Gouy shift of zero for one bounce and a shift of 0.4π for two bounces.
This might be expected since a ray path undergoing one-bounce is only weakly focused
and a 40% shift is consistent with the amount of the beam waist a two-bounce ray would
pass through.
Whilst these values of Gouy shift have optimised the ﬁtting, there are a number of
problems. Firstly, the presence of multiple interference minima means the modes that
have been ﬁtted to the experimental data are diﬀerent to those that have been ﬁtted to
the energies at ¯ t = 1. This means that that the predicted modes drop to much lower
energies at ¯ t = 1 than is observed experimentally. Linked to this problem, the gradient,
E(¯ t), of the modes is also greater than that of the experimental data. The reason
for these diﬀerences is, at least in part, due to the plasmon dispersion being diﬀerent to
that of light. The experimental modes always tend towards the two-dimensional plasmon
energy of 2.5eV at ¯ t = 0. However, the phase change of reﬂection varies little around
this energy, and hence fails to add a plasmonic eﬀect to the ray picture. Secondly, it has
been shown that due to the increased conﬁnement the plasmon modes increase in energy
around ¯ t = 1. This is also not included in the ray optics approach and why theory and
experiment diﬀer at ¯ t = 1.
Whilst the energies of the Mie plasmons are not fully reconstructed using this model,
the trend of decreasing mode energy with increasing ﬁlm thickness is clear. When the
rays are reﬂected from the surface a screening charge must be set up within the metal.
This screening is a surface charge oscillation and since this will match the ﬁelds shown
in ﬁgure 6.27, the diﬀerent ray paths will set up charge oscillations. Since the cavities
are on the wavelength of light these surface charge oscillations will interact with one
another, and form a standing wave surface plasmon oscillation, the topic of the second
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A further problem with the ray-optics model is the interference minima vary in energy
with incident angle, unlike the experimental data. This links with a further prediction
of a ray-optics approach - that of forbidden ray paths.
6.3.5.2 Clipping
One aspect of the ray model not yet discussed is that for certain thicknesses and incident
angles ray paths will be forbidden; as outlined in ﬁgure 6.29.
Figure 6.29: Schematic representations of 2 and -2 bounce ray paths with a cavity of
(a) ¯ t = 0.1, θ = 15o, (b) ¯ t = 0.5 θ = 15o, (c) ¯ t = 0.8 θ = 15o, (d) ¯ t = 0.5 θ = 35o.
In this ﬁgure only the forward and backward propagating two-bounce rays are consid-
ered, however, clearly these results extend to all other possible paths. This shows that
for dishes at ¯ t = 0.1 the two-bounce ray can only exist above θ = 15o (all negative values
of θ are impossible). As the thickness increases, for the same incident angle, both ray
paths become possible (ﬁg 6.29b) and then only the reverse bounce (ﬁg 6.29c). Figure
6.29d also outlines the clipping of rays through the changing of the incident angle at one
thickness. Geometrically, it is possible to calculate for diﬀerent thicknesses and incident
angles which conﬁgurations of bounces are permitted, this is shown in ﬁgure 6.30 for
one, two and minus two bounces.
Figure 6.30b shows two sets of experimental data from close packed 700nm and 900nm
void arrays. This data has been averaged over all observed energies to remove Bragg
modes and strengthen localised states, although similar features can be observed for
single energies.
The most prominent feature in both sets of data is the bright band starting near ¯ t = 0.2
at normal incidence and increasing to ¯ t = 0.5 by θ = 80o. This can be compared with
the predicted band in the theory, leading to the possible conclusion that only when
both ± 2 bounces are allowed is there a signiﬁcant coupling - the brown and yellowChapter 6 Types of Plasmons 92
Figure 6.30: (a) Theoretical model for the clipping of 1, 2 and -2 bounces. (b)
Experimental reconstructions of total absorption for normalised thickness vs. incident
angle, data is averaged over all energies.
regions. Unfortunately the lack of data below ¯ t = 0.2 makes these claims hard to fully
justify and the fact that SPP eﬀects are strongest in this region adds complexity to
the results. Whilst there is some correlation between theory and experiment, no clear
forbidden regions are visible in the data. This observation is also true for all other
samples analysed to date, meaning that ray clipping does not have a strong inﬂuence
on the observed modes. This can be understood through the highly plasmonic nature
of the modes, allowing coupling to those which are forbidden in the ray picture. This
increased mode coupling would arise if the electric ﬁeld distribution were not purely
located within the void, but also existed above the cavity. This symmetry of the true
ﬁeld distribution also accounts for why the energies of the Mie modes are independent
of incident angle, unlike that predicted by the ray-optics model. This, it will be shown
in a later section, is indeed predicted through ﬁnite diﬀerence modelling.
It must therefore be concluded that while the ray-optics approach is of interest, it will
require further modiﬁcation to fully account for the plasmonic nature of the modes.Chapter 6 Types of Plasmons 93
6.3.5.3 Standing Plasmon Wave Model
An alternative approach to the modelling the plasmon modes of a truncated void is to
assume the existence of a one-dimensional standing wave within the dish. This wave
can consist of an arbitrary number of nodes and is pinned at the void rims, shown
schematically in ﬁgure 6.31.
Figure 6.31: Pictorial representation of plasmon standing wave model showing (a) 1
mode, and (b) 2 modes.
This model calculates the wavelength of the standing wave localised plasmon using the
equation:
λLP =
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where n is an integer and corresponds to the number of half wavelengths that will ﬁt
into the curved rim-rim distance, y. Subsequent use of the surface plasmon dispersion
relation leads to the equation:
E =
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(6.6)
where, again, ˆ M and d are the dielectric functions of the metal and dielectric respec-
tively. These equations, therefore, provide a set of energies for the localised plasmons
purely in terms of the cavity radius and sample thickness.
This simple model automatically ensures that the calculated modes are plasmonic and
depend on the sample thickness. At ¯ t = 1 this model produces a standing wave solution
the same as that used in the Mie scattering theory, although only in one symmetry
direction. Figure 6.32a shows the solutions to the standing wave equations for a 600nm
cavity, plotted as energy vs. normalised thickness and overlying the experimental data
from the sample of isolated voids.
Figure 6.32a shows a strong correlation between the standing wave plasmon model and
the data. The angular momentum of the calculated modes matches those seen exper-
imentally, although it should also be emphasised that the model does not tend to the
correct energy at ¯ t = 1. This is because the plasmon standing wave model has no means
to incorporate the increase in energy above ¯ t = 1.Chapter 6 Types of Plasmons 94
Figure 6.32: Position map of isolated 600nm gold voids. Blue circles show theoretical
position of Mie resonances. (a) Overlaid theory for simple SPP standing wave. (b)
Overlaid theory for SPP standing wave using dispersions of encapsulated void. (c)
Overlaid theory combining previous two methods.
For a consistent argument to be constructed the number of electric ﬁeld maxima in
the standing wave model should coincide with those of the Mie scattered solutions at
¯ t = 1. The standing wave model, therefore, requires a shift to higher energies as the
sample becomes thicker. Chapter 3 outlined the dispersion relations for Mie modes for
spheres and in voids. This showed that the energy of diﬀerent modes was, for voids,
indeed shifted up in energy relative to that of a ﬂat surface. This is shown in ﬁgure
6.33, where the SPP dispersions on smooth gold and in encapsulated 600nm diameter
void are compared.
Figure 6.33: Dispersions of a SPP on a smooth gold surface and in an encapsulated
gold void of diameter 600nm.
This ﬁgure again shows that the plasmon dispersion of an encapsulated void is at a
higher energy than that of a smooth surface. This modiﬁed dispersion also tends toChapter 6 Types of Plasmons 95
the two-dimensional surface plasmon energy as k increases, as is seen experimentally.
The universality of this scaling relationship provides the possibility of correcting the
standing wave plasmon solutions. If the dispersion relation for an encapsulated void is
now used to relate the k-vector of the standing wave to the energy of the mode, a new
theoretical mode is produced, shown in ﬁgure 6.32b again compared to the experimental
data. This alteration to account for the three-dimensional curvature ﬁxes the energies
of the standing wave plasmons to be equal to those of the Mie scattered solutions at
¯ t = 1. The solutions also tend to the surface plasmon energy as the sample thickness
tends to zero, as seen experimentally. While this modiﬁed model has enforced accurate
energies at both ¯ t = 0 and 1, the ﬁtting in-between these values is inconsistent with the
data. It can be concluded that the model using the dispersion calculated from the Mie
scattering solutions is accurate when the voids are completely encapsulated. When the
surfaces are thinner than ¯ t = 0.5 then the dispersion of a ﬂat surface is correct. Between
these values a combination of the models is required. As a ﬁrst attempt to model this
ﬁgure 6.32c used the equation
E =
~c
e
[(1 − ¯ t)kflat + ¯ t.kvoid] (6.7)
to combine the two dispersion relations. This shows the shape of the experimental Mie
plasmon modes but does not reproduce accurate energies. The theory also still tends
to the energy of the encapsulated Mie plasmon from higher energies, not lower as seen
experimentally. However, it can be seen that by applying a diﬀerent weighting to the
diﬀerent dispersion components a better ﬁt can be found. This could be performed
but with no physical reasoning behind this scaling it is perhaps better to conclude
by analysing the implications of the model. The modelling of the Mie plasmons as a
standing waves with a dispersion equal to that of a smooth gold surface appears accurate
below ¯ t = 0.5. At ¯ t = 1 the mode energy must be calculated through a rigorous solution
to Maxwell’s equations, as the simple model does not take into account the extra energy
associated with the conﬁnement of the ﬁeld. Between 0.5 < ¯ t < 1 there is some, but
not complete, mode conﬁnement. This leads to a dispersion relation for the Mie mode
somewhere between a smooth and an encapsulated surface. Up to ¯ t = 0.5 there is little
conﬁnement within the cavity, with a smooth rim leading onto the surface. However,
above ¯ t = 0.5 the surface becomes more conﬁning, as depicted in ﬁgure 6.33b. This
analysis leads to an idea about the electric ﬁeld distribution of the Mie plasmon, and is
discussed in the following section.
6.3.6 Visualisation
Two methods for understanding the optical properties of truncated, sub-wavelength
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answers as do the results from Mie scattering theory and experimental data. It is
thus useful to now take stock of the models and try to understand the electric ﬁeld
distributions in these systems. Comparisons can also be made with ﬁnite diﬀerence
simulations performed using the commercially available software package (Maxwell by
Ansoft). Figure 6.34 sketches the rough intensity distributions from each of the models.
While the distributions look somewhat diﬀerent, some similarities can be drawn. Figure
6.34a depicts what the ray-optics model would look like, showing the diﬀerent bounces
and the approximate intensities that should be formed. This is quite crude, although it
shows three intensity maxima around the dish, reminiscent of the standing wave model.
Figure 6.34b shows three standing wave SPP modes within a void. This model has been
shown to have similarities with both the Mie plasmon calculations and the excitation of
surface charges from the ray optics model. Figure 6.34c shows the exact Mie calculations
for the magnitude of the electric ﬁeld. The two modes look somewhat similar to the
1 and 2 bounce predicted distributions as well as those of the standing waves. Any
model should converge onto these distributions as the void tends to full ball height. The
truncation of the spherical geometry is likely to mix together higher order Mie modes
with those present at ¯ t = 1. This would increase the mode energies, as observed, and
produce a non-spherically symmetric ﬁeld distribution. Further work on this model is
currently underway as a precise method to model the distributions. Figure 6.34d shows a
‘best guess’ of what the real intensity distributions might look like based on the previous
three models. Here the ﬁeld forms several maxima on the voids surface, as would be
predicted through the standing wave model, as well as taking an intensity distribution
within the cavity similar to that of the two-bounce ray path. It has also been estimated
from previous analysis that the electric ﬁeld will not be strictly pinned within the void
but extend above and to the sides of the cavity as well. To model such a mode proﬁle
the best method will be to add together a number of Mie plasmons, calculated in the
spherical void geometry. If performed correctly, this will enhance the mode intensity
within the truncated void, while weakening it above. This would lead to the increasing
energy with decreasing thickness, tending to the two-dimensional plasmon energy as
seen experimentally. Currently such a model has not yet been successfully created so
instead the use of ﬁnite diﬀerence modelling has been employed.
In this technique, a spherical gold void is deﬁned within the electromagnetic simulation
program. The void is placed in a vacuum and a plane wave is introduced into the system.
The boundary conditions are set up so that the outer edges of the deﬁned region produce
no back reﬂections. Finally, a ﬁne mesh is deﬁned throughout the structure. Since the
program is solving a three-dimensional system, a limiting factor in these experiments
is computer memory. For calculations of the ﬁeld within a truncated void, wavelengths
down to the diameter of the cavity could be performed with reasonable conﬁdence. This
allowed a mesh size of around 20 ﬁnite regions per wavelength, and provided suﬃcient
resolution for the problem to be solved without producing anomalies in the intensity
distributions (formed when the mesh size is bigger than the smallest part of the modeChapter 6 Types of Plasmons 97
Figure 6.34: (a) Cartoon of possible intensity distribution according to a ray-optics
approach. (b) Possible electric ﬁeld proﬁle proposed by the pure standing SPP wave
model.(c) Exact solutions to the ﬁeld distributions of the Mie scattering equations. (d)
Authors best guess of ﬁeld distribution of a truncated sphere based on the previous
models.
proﬁle). The program solves Maxwell’s equations for each block, taking into account the
surrounding regions; this is performed iteratively until a single solution is obtained. The
construction of other geometries presented with published ﬁeld distributions provide a
stringent test for the reliability of the results[98, 61]. Subsequently the modelling of a
range of truncated void geometries illuminated at diﬀerent angles and wavelengths was
performed. A selection of these results is shown in ﬁgure 6.35. In each case images are
presented showing the magnitude of the electric ﬁeld polarised in the same direction as
the slice taken through the three dimensional cavity; the diﬀerent images in each set
represent the evolution of the electric ﬁeld through one optical cycle. Parts a-c show
a 700nm cavity illuminated with 980nm light for three geometries of thicknesses ¯ t =
0.25, 0.5 and 0.75 respectively. Part d shows a 900nm cavity at ¯ t = 0.5 illuminated with
500nm light.
In all cases, although often subtle, there is an electric ﬁeld pinned to the dish, looking
very similar to those predicted earlier. There is also a strong focussing of the light
similar to that seen in the ray-optics approach. It is also observed that the electric ﬁeld
distribution does indeed exist above the conﬁnes of the cavity. This distribution is close
to symmetric above and below the void rim, although, the mode intensity is greater
when inside the cavity due to the stronger conﬁnement, also as predicted. For both the
thicknesses of ¯ t = 0.25 and 0.75 the ﬁeld regains an almost plane-wave nature as it leaves
the simulated region. This is not the case for the ¯ t = 0.5 case where the light has been
strongly diﬀracted and leaves at various angles. The electric ﬁeld is also found to be
strongly concentrated at the focal point of the cavity. This is also true for the ¯ t = 0.75
case, however, now the ﬁeld seems to have become almost completely localised withinChapter 6 Types of Plasmons 98
Figure 6.35: Finite diﬀerence time domain modelling of the absolute electric ﬁeld
within a three-dimensional truncated void. (a) ¯ t = 0.25, (b) ¯ t = 0.5 and (c) ¯ t = 0.75,
for a cavity of diameter 700nm, illuminated at normal incidence with 980nm light. (d)
Cavity of diameter 900nm illuminated with light of wavelength 500nm, ¯ t = 0.5. Colour
scale runs from blue (minimum ﬁeld) to red (maximum ﬁeld).
the void. As the cavity is made bigger and the frequency is increased two things are
observed. Firstly the excitation of a quadrupole mode within the cavity, and secondly a
strong coupling with the surface as the light becomes closer to the plasmon resonance.
These ﬁndings add weight to previous postulations and do not show any serious diﬀer-
ences over the expected proﬁles. The simulation package can also produce maps for the
poynting vector in a time-average system, this is plotted in ﬁgure 6.36 using the same
conditions as the previous simulation.
This clearly shows two energy maxima on the surface of the dish as well as a large ﬁeld
enhancement at the focal point of the void, and a clear collimation of the output energy.
The inset shows a simple ray trace of the system for comparison - the basic shapes of
the two images are similar, continuing the understanding that even in sub-wavelength
cavities a ray approach is to some degree valid.
While ﬁnite diﬀerence modelling can produce some interesting results, the current limita-
tions of computer resources do not allow the full experimental problem to be addressed.
This is particularly true when considering possible interactions between cavities, or the
interactions between surface and localised plasmons. There is also an issue with com-
puter simulations that it is hard to know if the answer produced is representative of the
solution to the real problem. Slight changes in boundary conditions and mesh construc-
tion can lead to diﬀerent results. It is felt that the simulations shown in this thesis are
accurate in terms of electric ﬁeld distributions, however, as yet no quantitative values
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Figure 6.36: Finite diﬀerence time domain modelling of the Poynting vector within a
three-dimensional truncated void, diameter = 700nm, wavelength = 980nm and ¯ t = 0.5.
Colour scale runs from white (minimum) to red (maximum). Inset shows ray model for
the structure for comparison.
Whilst experimental veriﬁcation of the true electric ﬁeld is diﬃcult, the optical trapping
of small ﬂuorescent particles can be used to ﬁnd intensity maxima. Figure 6.37a shows
the principle of optical trapping. Here, a dielectric sphere, of diameter greater than
the wavelength of light, is placed oﬀ axis in a weakly focused Gaussian beam. This
system can be modelled using ray optics, and two rays symmetric about the spheres
centre are shown, ‘a’ and ‘b’. These rays will refract through the sphere and give rise
to forces Fa and Fb in the direction of the momentum change. This force arises from
radiation pressure, which is ordinarily small. However, if a laser is used the ﬂux density
can be high enough to make these forces signiﬁcant[99]. Because the intensity of ray ‘a’
is greater than that of ‘b’ the force exerted will also be greater. If the net force striking
the particle is calculated it can be resolved into two components. The scattering force,
Fscat, which acts to push the particle in the direction of the laser, and the gradient force,
Fgrad, which acts to push the particle to the point of greatest intensity perpendicular
to the laser propagation direction. It can now been seen that if the focus is suﬃciently
strong, the gradient force will be greater than the scattering force and the particle will
become trapped at the point of greatest intensity - the focal point. These results can
also be extended to systems where the particle size is less than that of the wavelength
of light.
Experimentally a low concentration of 900nm ﬂuorescent spheres is placed in solution
above an array of 2µm dishes, ¯ t = 0.3. A pulsed 1048nm laser was used to trap the
spheres, while doubling of the same source provided the energy to make the particles
ﬂuoresce. Figure 6.37 shows an image of the observed ﬂuorescence after the trapping
beam had been on for several seconds, allowing time for some spheres to become trapped.Chapter 6 Types of Plasmons 100
Figure 6.37: (a) Schematic of optical trapping principle. (b) Image of 900nm ﬂuores-
cent dye spheres optically trapped above an array of 2µm dishes, ¯ t = 0.3.
Initially the particles move randomly through the solution according to Brownian mo-
tion, however, as soon as the IR laser is activated the particles quickly become trapped
above the dishes. Now, the ﬂuorescence intensity increases dramatically as the cavities
act to collimate and channel much more of the light to the camera. This behaviour con-
clusively shows that the spheres become trapped in the regions of greatest ﬁeld strength.
The observations of continued particle jitter during trapping and the re-dispersion when
the trapping laser is cut oﬀ, also show that the spheres do not become stuck to the sur-
face. Analysis of ﬁgure 6.37 shows that some spheres are not trapped above the centre of
the dishes but to one side. A ring of light can also be observed arising from the eﬀective
re-collimation of the emitted light through the two-bounce path, while mirror images of
the particles can also often be observed. This experiment shows that the ﬁeld above the
dish is ﬁrstly greatly enhanced and secondly is of at least dipole nature. This ﬁnding is
in good agreement with the models presented in this chapter.
6.4 Conclusions
This chapter has shown that the nano-structured surfaces studied in this thesis support
two very diﬀerent types of plasmons, a delocalised Bragg plasmon and a localised Mie
plasmon.
Found primarily at the thin end of the samples, Bragg plasmons can be modelled using
a weak-scattering approximation, meaning that the structure of the sample has little
inﬂuence on the dispersion of the plasmon. This assumption becomes less valid when
the surfaces become thicker, and the eﬀect of the voids perturbs the Bragg plasmon
dispersion. It has been shown that, as a ﬁrst approximation, an increased propagation
distance can be added to the dispersion relation to ﬁt the data. It has also been found
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In stark comparison, Mie plasmons appear to be purely localised plasmonic states re-
siding within every metallic dish. These states resemble Mie scattered electric ﬁeld
distributions and are completely independent, even though the cavities connect with
their nearest neighbours. Precise models for these states are possible when the cavities
form encapsulated voids, and the correlation between theory and experiment is very
good. For truncated cavities, it has been shown that these modes can be modelled in-
tuitively as standing waves, both tied to the metals surface and in the free-space within
the voids. Again, it has been shown that Mie plasmons also scale universally with void
size, however, this requires the use of a modiﬁed dispersion relation to take into account
the increased ﬁeld conﬁnement and the three-dimensional curvature of the metal surface.
The coupling to the Mie plasmons to the optical ﬁeld has also been shown to enhance
the amount of diﬀracted and polarisation rotated light leaving the samples and leads to
the interesting phenomena of perfect optical absorption at the Mie plasmon energy.
Interestingly, both plasmon types exist for most sample thicknesses, and hence geome-
tries. The existence of both Bragg and Mie plasmons at similar energies leads to an
observed alteration in the dispersions of the diﬀerent plasmon modes. This observation
calls for closer inspection, and is one of the main topics of the following chapter.Chapter 7
Plasmon Interactions and Control
With a greater knowledge into the properties and energetics of the Bragg and Mie plas-
mons, further studies can be conducted. This chapter shows how the diﬀerent plasmons
interact with one another on diﬀerent regions of the samples. Both mode mixing and
anticrossing is observed between the localised and delocalised states depending of sam-
ple orientation and thickness. Experiments are then performed to understand how the
observed Bragg and Mie plasmon dispersions are altered when excited on diﬀerent metal
substrates. Finally, experiments are conducted to understand the variations in plasmon
energy when the refractive index of the top dielectric layer is changed. By understanding
how plasmons interact in such systems, key insights can be gained to guide the design of
integrated optical-plasmon circuits, as well as gaining further insights into the complex
world of nano-optics.
7.1 Plasmon Coupling and Interactions
It has been noted many times in the previous chapter that the diﬀerent plasmon states
are shifted from their expected energies due to their interaction with neighbouring
modes. This section explores these interactions in more detail.
It has been shown that the energy of Bragg modes can be tuned by varying the angle of
incidence at a certain point on the sample; it has also been shown that the Mie plasmon
energies can be controlled by varying the surface geometry. This provides ample control
to bring the two types of plasmon into resonance with one another, and then observe
how they interact[44]. Figure 7.1 shows data from a 500nm sample, at thicknesses from
¯ t = 0.9 to 1.3.
At ¯ t = 0.9, two Mie plasmons are present, corresponding to the l = 1 and 2 states.
These states are strongly localised by the almost encapsulated geometry, ﬁg 7.1a. At a
thickness of ¯ t = 1.3 the voids become completely encapsulated, stopping optical coupling
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Figure 7.1: Dispersion maps of a 500nm gold sample at, (a) ¯ t = 0.9, (b) ¯ t = 1.1 and
(c) ¯ t = 1.3. (d) Schematic of two mixed modes, solid line represents Bragg plasmon
dropping into voids, dashed line represents Mie modes hopping between cavities.
to the Mie modes. Now, however, the surface is not ﬂat but possesses a close packed array
of islands arising from the faster growth between the voids (as shown in ﬁgure 4.14).
This geometry excites Bragg modes strongly (ﬁg 7.1c). It can be seen that by selecting
appropriate value for the sample thickness the Bragg mode will cross both Mie plasmon
modes. This is shown in ﬁg 7.1b, for a normalised thickness ¯ t = 1.1. Here the surfaces
form funnels leading into the voids. The Mie plasmons are now tightly conﬁned, but
still optically active and are clearly observed. Bragg modes are also strong and, away
from positions where the modes cross, the two types of plasmon follow their normal
dispersions. Near resonance, however, the dispersion is altered dramatically with the
two modes showing strong anticrossing behaviour. This is observed most clearly when
the Bragg crosses the lower, l = 1, mode but is also present for the upper mode. The
localised modes are more strongly coupled to the incident light than the Bragg modes
and so are clearer[68, 69]. This provides a means to infer that the lower energy mixed
states, at resonance, are more localised in nature than the higher energy state. These
modes correspond to Mie plasmons hopping between dishes via Bragg modes which drop
into and out of the voids, shown schematically in ﬁgure 7.1d.
A more complex behaviour is shown in ﬁgure 7.2. This data is taken from a 600nm
sample between thicknesses of ¯ t = 0.1 and 0.65. For a thickness of ¯ t = 0.1 only Bragg
modes exist, and follow the expected dispersion. When the thickness is increased to
¯ t = 0.2 a Mie mode corresponding to l = 1 appears at 2.4eV. This has little inﬂuence on
the Bragg modes below 1.9eV, however, it has a pronounced eﬀect on the modes above
this energy. Here, the localised state can be observed, but the Bragg modes appear to no
longer persist. Figure 7.3 shows angle maps at the energies corresponding to the dashedChapter 7 Plasmon Interactions and Control 104
Figure 7.2: Film strip of dispersion maps on a 600nm gold sample for positions
between ¯ t = 0.1 and ¯ t = 0.65. Purple lines indicate cuts shown in ﬁgure 7.3 [hotlink to
video by clicking on image in electronic version]
Figure 7.3: Angle maps through related to ﬁgure 7.2. (a) ¯ t = 0.2. (b) ¯ t = 0.4. (c) ¯ t
= 0.6. [hotlink to video by clicking on text in electronic version]
purple lines in ﬁgure 7.2. For this thickness at 1.6eV the mode is clearly delocalised,
possessing a six-fold symmetry, however, the cut at 2.2eV also shows strong orientation
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the dispersion map, it appears that the Bragg mode has been shifted to lower energies
by 0.1eV and no longer exists at normal incidence. As the thickness is increased further
the Bragg modes completely lose their normal dispersion and become strongly mixed
with the Mie plasmon, this also forces their energies to much lower values. At ¯ t = 0.4
the ﬂat dispersions of the bands indicate purely localised modes. If compared to the
data from the isolated voids it would be expected that the l = 1 mode should have
dropped down to an energy of 1.4eV with the l = 2 mode appearing near 2.2eV. The
data in ﬁgure 7.2 shows only a small shift in the mixed modes energies. By analysing the
angle dependence at ¯ t = 0.4 it can be seen that the mixed state around 2.1eV smoothly
converts from a Mie-like mode to a Bragg-like one with increasing incident angle. The
lower mixed mode at 1.7eV can be seen to possess the opposite behaviour, converting
from Bragg-like to Mie-like. This could well be related to positions of the un-perturbed
Bragg modes (solid lines), although the mixing is so thorough at this thickness that this
is uncertain. If the thickness is increased further to ¯ t = 0.6, Mie modes are expected
at 1.3eV and 2eV. The lower of these Mie modes has regained a pure localised nature,
although interactions with the Bragg plasmons cause an increase in mode energy to
1.65eV (0.35eV higher in energy than expected). Anticrossing behaviour with a, now
almost pure, Bragg mode is also clearly observed. The higher energy mixed mode also
appears to be mainly Bragg-like in character, with little evidence of the l = 2 Mie mode.
Again, the mode ceases to exist at normal incidence. An angle map of this mode shows
the dispersion to be delocalised in nature except near 2.1eV where the mode appears
to localise. This type of behaviour has been observed for a number of samples and
it is proposed to arise from an antisymmetric combination of two dipolar Bragg and
Mie modes. This resultant quadrupole plasmonic state can no longer interact with the
incident optical ﬁeld and hence no longer appears in the data. At the thickest part of the
sample, ¯ t = 0.65, the interaction of the l = 2 mode and the Bragg modes now becomes
the dominant mixed state and shares many similarities with the mixed states described
above.
From this data a number of conclusions can be drawn. Firstly, the interaction between
the Mie and Bragg plasmons is extremely strong, with both types of plasmon often
perturbed in energy by up to 0.5eV. This makes the task of understanding the properties
of the separate states a more complicated task, and why, in the previous section, all small
shifts in energy from expected values were ignored. When a single Bragg mode interacts
with a Mie mode a simple anticrossing can often be expected, however, when several
Bragg modes are of a similar energy the mode distributions change dramatically. These
interactions cannot be fully modelled at present, although progress is underway. The
second conclusion that can be drawn from the data is that the mode mixing allows the
Bragg modes to propagate on a surface so highly structured it would seem unlikely a
delocalised mode could exist. The converse could also be true with the Bragg modes
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surface, although Mie modes on near smooth surfaces are observed on the sample of
isolated voids.
Since it has been postulated that the coupling between Bragg and Mie modes depends
on their in-plane momentum, this can be tested by observing the mode characteristics
at diﬀerent incident angles and sample orientations. Figure 7.4 shows position maps of
the sample at normal incidence and then at θ = 30o with orientations of φ = 0o and 30o.
Figure 7.4: Position maps for a gold 600nm sample for diﬀerent incident angles and
sample orientations, as shown. Green arrows show energies of Bragg plasmon modes,
blue dashed lines show Mie plasmon modes.
For the thinnest region of the sample (¯ t < 0.3) only pure Bragg modes exist (indicated
with green arrows). At normal incidence this is a state at 2.1eV. At θ = 30o the
modes are split and only one of the six Bragg modes is clearly observable for each of
the orientation (1.5eV at φ = 0o and 1.6eV at φ = 30o). The normal incidence data
has been presented previously where it was noted that the lower Mie mode can only be
observed for ¯ t > 0.4, with the upper mode also being shown to be slightly perturbed
from the expected position. These alterations in the Mie mode energy and strength can
now be pinned to mixing with the Bragg modes. For an incident angle of 30o the upper
Mie modes are no longer near any Bragg resonances and regain their expected proﬁle.
The lower mode has now been brought into resonance with the Bragg mode and shows
markedly diﬀerent properties depending on the sample orientation.
This data allows an understanding of the mixing process to be built up. When consid-
ering the θ = 30o data, there are two clear types of plasmon interaction depending on
the sample orientation. This can be understood through the simpliﬁed model for the
plasmons under these conditions, depicted in ﬁgure 7.5
In the data the Mie plasmon corresponds to the l = 1 dipole state. For this model
it will be assumed that the Mie plasmons oscillate purely in the plane of the surface,
as depicted in ﬁgure 7.5. Experimentally, with the exception of normal incidence, the
resolved ﬁeld of the Mie plasmons across the cavity will not be symmetric; however, the
same conclusions can be drawn. The Bragg plasmons will be excited in the direction ofChapter 7 Plasmon Interactions and Control 107
Figure 7.5: Schematic of the ﬁeld distributions of the Mie and Bragg plasmons as
seen from above a void of (a) φ = 0o and (b) φ = 30o. Mie plasmon ﬁeld represented
by colour, Bragg plasmon ﬁeld by markers.
the grating and, for this model, will be assumed to be dipolar in nature, a reasonable
assumption for the structures studied. For the lower plasmon branch, shown in the
data, the Bragg plasmon modes are primarily located on the metals surface, not over
the voids.
Under all sample orientations six Bragg plasmons will be excited, corresponding to three
sets of dipoles equally spaced around the cavity. Concentrating on a line in the plane
of the Mie plasmon dipole (up the page for ﬁgure 7.5) at φ = 0o the electric ﬁelds
of both the Bragg and the Mie plasmons oscillate along the same plane. Under these
conditions and at one point in time there are two possible distributions of the Bragg
dipole moments, as shown. Each distribution will have a diﬀerent energy corresponding
to the diﬀerent sum of the dipoles, and so there will be a splitting into two energy states.
For φ = 30o, there is only one possible ﬁeld distribution, and so no such splitting will
be observed. These conclusions are exactly those observed in the data.
If the upper Bragg plasmon branch is considered then delocalised plasmon modes will be
concentrated within the voids. This will lead to a stronger mixing between Bragg and
Mie modes due to the greater ﬁeld overlap. This is often observed in the data, although
due to the correlation between Mie mode and Bragg energies only the interaction between
the upper Bragg branch and the l = 2 Mie mode can be observed, which does not lead
to the same mixing with sample orientation.
7.1.1 More Plasmons Interactions
This thesis has introduced the presence of both Bragg and Mie plasmons as well as
mixed modes on the nano-structures surfaces. Whilst a full theory accounting for all the
observed modes cannot be expressed, all of the data can be understood through a number
of simple models. However, when the observed energy range is increased to include the
infra red and larger incident angles are also recorded, some further phenomena appear.
Figure 7.6 shows the position maps of a gold sample with a void diameter of 600nm for
a range of incident angles. This is one of the samples already studied in this thesis, and
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Figure 7.6: Position maps of a gold sample, diameter = 600nm. Green arrows show
energies of Bragg plasmon modes, blue dashed lines show Mie plasmon modes. White
arrows show thicknesses used in the dispersion maps in ﬁgure 7.7. [hotlink to video by
clicking on image in electronic version]
It is interesting to now look at ¯ t = 0.5, and see that between the energies of 1eV and
1.5eV there appears to be a broad region of absorption. This feature appears to couple
to the Mie plasmons and is disrupted by the presence of Bragg plasmons as well. The
presence of this mode cannot be understood through any of the models so far considered,
and appears on all sample studied to date. To gain further insight into these plasmon
modes ﬁgure 7.7 plots the dispersion at ¯ t = 0.5 and 0.55.
Figure 7.7: Dispersion maps taken from the thicknesses shown in ﬁgure 7.6. SEM
images of the surface at each thickness also shown. [hotlink to video by clicking on
image in electronic version]
At ¯ t = 0.5 the broad absorption occurring between 1eV and 1.5eV can be seen. As the
incident angle increases above θ = 50o this feature links with the Mie mode at 2.3eV to
form a mode which absorbs light across the visible spectrum. These modes are found to
be completely localised over the whole energy range and absorb more than 90% of the
incident light. When the thickness is increased to ¯ t = 0.55 the three pure Mie modes
are recovered (l = 0, 1 and 2). However, above θ = 60o strong absorption across theChapter 7 Plasmon Interactions and Control 109
whole energy range is again observed. These modes are localised, although at 1.5eV
some mixing with a Bragg plasmon is observed.
This data is now becoming increasingly complicated and hard to interpret; however, some
speculations on the origins of these features can be made. Figure 7.7 also shows SEM
images of the surface. These images again show the true complexity of the surface. At ¯ t
= 0.5 there are triangular islands in-between the voids that have tip sharper than 50nm.
At the thickness is increased, these connect to form bowtie shapes. These shapes have
been shown to support localised plasmons and at the point where the tips of the triangle
touch the electric ﬁeld can be enhanced by more that 103[100]. At these thicknesses
there is also the formation of the windows between the voids. These structures might
also be expected to support localised plasmon modes. It is also of note that the lowest
observed Mie mode is the l = 0 state. This state has no equivalent mode on a spherical
particle but mathematically can exist for a void. The electric ﬁeld proﬁle is a single,
spherically symmetric, intensity maximum. This mode, may therefore not be sustainable
below ¯ t = 0.5, and there is current uncertainty about its true energetics.
There are, therefore, quite a number of possible sources to account for the absorption
features observed. Each represents a real challenge to model thoroughly, and interac-
tions between all the diﬀerent plasmons will make the situation even more complicated.
Progress is being made on full solutions to these geometries, although a complete un-
derstanding it still a way oﬀ. Therefore, attention will now be tuned to looking at how
the diﬀerent plasmon are eﬀected by the used of substrates made from diﬀerent metals.
7.2 Response to Diﬀerent Metals
Throughout this thesis, all samples considered have been made from gold. This is
because gold electro-deposits well and is very stable, allowing measurements to be per-
formed over several years (and beyond). However, the electro-deposition technique is
extremely versatile and the chemists working on this collaborative project have also
deposited materials such as silver, platinum and nickel, which will be discussed in this
section, as well as palladium and copper, of which the results are too preliminary to be
included in this thesis.
7.2.1 Silver
Whilst the general appearance of the silver samples is similar to those made of gold, there
are some important diﬀerences. Firstly, silver can be considered to be a perfect metal in
the visible spectral region, making the plasmon modes on silver surfaces stronger due to
the reduced absorption. Secondly the deposition technique, as shown previously, doesChapter 7 Plasmon Interactions and Control 110
not yet work above ¯ t = 0.5, and below this thickness the samples also have a higher
intrinsic roughness.
Figure 7.8: Position maps for a 600nm silver sample, φ = 0o, incident angle as
shown. Expected Bragg plasmon behaviour plotted on middle image (white). Green
arrows show energies of Bragg plasmon modes. [hotlink to video by clicking on image
in electronic version]
Figure 7.8 shows three position maps for a silver sample with a void diameter of 600nm
at several incident angles. Bragg plasmon modes are clearly evident and ﬁt well with
theoretical calculations (see chapter 6), plotted for θ = 20o. Weak Mie modes are also
visible, especially at normal incidence, which also ﬁt well with those expected from the
insight gained from gold samples. While the Bragg and Mie plasmon modes appear
similar for both gold and silver the interactions between them are somewhat diﬀerent.
An example of this is shown in ﬁgures 7.9 and 7.10.
Figure 7.9: Position maps for a 600nm silver sample at an incident angle of 30o,
sample orientations as shown. Green arrows show energies of Bragg plasmon modes.
[hotlink to video by clicking on image in electronic version]
Figure 7.9 shows a ﬁlm strip of position maps for an incident angle of 30o whilst varying
the sample orientation. This image can be compared to ﬁgure 7.4 for a 600nm gold
sample. The striking diﬀerence with the silver sample is how dependent on orientation
the features are. There also appears to be a lack of clearly observable Mie modes in
the data. Under closer inspection, it is found that only the modes at the far left of the
images are pure Bragg plasmons, for all other thicknesses there is a mixing with Mie
modes leading to a broadening of the resonance and a more complex dispersion. Whilst
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Figure 7.10: Dispersion plot of a 600nm silver sample at ¯ t = 0.2 for diﬀerent sample
orientations, as shown. [hotlink to video by clicking on image in electronic version]
this is illustrated in ﬁgure 7.10. The dispersion plots show the Bragg plasmon modes
are far more absorbing at these energies, but also drag these mixed states with them
as they shift in energy. As with the gold samples, there is little absorption at normal
incidence indicating the formation of an optically inactive quadrupole mode. When no
Bragg plasmons are near the Mie plasmon energies the absorption is weak (this eﬀect
is clearest in the linked video). These eﬀects can be understood if the Bragg plasmons
interact more strongly with the incident light than the Mie plasmons. Indeed, over all
silver samples analysed the Bragg plasmon modes appear sharp and highly absorptive,
while Mie modes often seem weak or absent. Unfortunately the plasmon dynamics
above half height, while showing some interesting features, cannot be used in analysis
due to the random and erratic growth - this is an issue of current concern and is being
addressed. One possible reason for the weakness of the Mie plasmons is the increased
roughness of the silver samples over ones made from gold. This roughness will cause
hot-spots of electric ﬁeld and could be suﬃcient to disrupt the Mie ﬁeld distributions,
causing a loss to the strength of the mode. Bragg plasmons are delocalised, and so may
only interact weakly with these hot-spots, and hence not be perturbed in the same way.
By measuring the normal incident energy of the Bragg plasmons for silver samples of
diﬀerent void sizes the eﬀective dispersion with respect to sample pitch can be calculated,
shown in ﬁgure 7.11. This can be compared to ﬁgure 6.7 for gold in the pervious chapter.
The properties of silver, in the visible spectrum, can be seen to ﬁt well with the Drude
oscillator model, as predicted. The eﬀective experimental plasmon dispersion with sam-
ple pitch also ﬁts very well with these curves. This is diﬀerent to the gold samples, where
the energy was measured to be consistently lower than would be expected theoretically
(see ﬁgure 6.7). The reason for this discrepancy was accounted for by an increase in
eﬀective pitch due to imperfections in the template formation. The 600nm diameter
silver sample used in the experiment shown in ﬁgure 7.11 was of exceptional quality.
This could account for lack of increase in the eﬀective pitch. Unfortunately, the sample
is not available to test this, and so further experimental veriﬁcation is required.Chapter 7 Plasmon Interactions and Control 112
Figure 7.11: Extracted energy of normal incidence SPP modes on silver as a function
k-vector calculated using sample pitches of 900nm, 800nm and 600nm.
7.2.2 Platinum
So far only one platinum sample has been closely studied. This sample has a void
diameter of 700nm and is well ordered, smooth, and suﬀers from none of the problems
associated with the growth of silver. This allows thicknesses up to ¯ t = 1 to be grown
and studied. Platinum can support weak surface plasmons that have a dispersion very
similar to that of light. Figures 7.12 shows a set of dispersion plots at a thickness of ¯ t
= 0.1.
Figure 7.12: Dispersion maps for a platinum sample at ¯ t = 0.1, void diameter =
700nm. [hotlink to video by clicking on image in electronic version]
The dispersion for the platinum appears somewhat diﬀerent to those of silver and gold.
Whilst there appears to be some delocalised features, they are hard to resolve and the
mode proﬁle appears more Mie-like than Bragg-like; it is only when the angle plots are
viewed that clear delocalised behaviour is seen, ﬁgure 7.13.Chapter 7 Plasmon Interactions and Control 113
Figure 7.13: Angle map taking cuts through ﬁgure 7.12, as shown. [hotlink to video
by clicking on image in electronic version]
These features could be diﬀractive or plasmonic; however, the amount of absorption
along with the observed interactions with Mie plasmons leads to the conclusion that
the modes are surface plasmonic in nature. The plasmon mixing appears strong, with
the Mie plasmons dominating much of the plasmon dispersion. This mixing is probably
responsible for the weakness of the Bragg modes away from Mie mode at around 2eV.
The Mie mode behaviour is also quite complex on this sample as shown in ﬁgure 7.14.
Figure 7.14: Position map of the platinum sample, void diameter = 700nm, φ = 0o
Calculated Mie modes also shown. Green arrows show energies of Bragg plasmon modes,
blue dashed lines show Mie plasmon modes. [hotlink to video by clicking on image in
electronic version]
Strong Mie modes are clearly observed in the data, and at low incident angles their
energies tend to those predicted by theory. However, above θ = 25o the lower Mie mode
starts to strongly interact with the one at higher energy. By θ = 50o the lower Mie
mode has all but disappeared. Analysis shows that the interaction between the modes is
dependent on orientation, indicating the process is mediated by Bragg plasmons. SEM
studies of the surface have found that the platinum is very smooth and that the domain
ordering is of exceptional quality. These two factors will lead to a strengthening of the
Bragg modes and subsequently strong mixing. The voids also appear to encapsulate
more easily than those made from gold. This is why the Mie modes tend directly to the
calculated energies. Why, however, the interactions are so diﬀerent from anything seen
before is still of great interest and requires further studies.Chapter 7 Plasmon Interactions and Control 114
7.2.3 Nickel
The ﬁnal single metal samples to be analysed are those of nickel. Nickel has only a
very weak plasmon mode, due to strong interband absorption, so should not strongly
exhibit Bragg or Mie plasmons. The nickel samples have been found to plate well and
are smooth. Two position maps for a 600nm void size sample are shown in ﬁgure 7.15.
Figure 7.15: Position map of a nickel sample, void diameter = 600nm, φ = 0o.
Calculated Mie modes also shown. Blue dashed lines show Mie plasmon modes. [hotlink
to video by clicking on image in electronic version]
At no point on the sample were any delocalised modes observed and the data is less well
resolved due to a higher overall absorption from the nickel. Mie modes are again clearly
visible and do not appear to shift signiﬁcantly with changing incident angle. As with
the other metals the Mie modes appear to tend to the exact spherical void solutions
at ¯ t = 1. In this case, the Mie modes must be almost purely optical and only weakly
couple to the electrons inside the metal. Some links can again be made the ray-clipping
prediction, in particular the reduced intensity below 1.8eV at θ = 20o, however, the
presence of only one strong Mie mode makes this hard to verify.
7.2.4 Multilayer Metal Structures
Several combined multilayer metal samples have so far been produced. Whilst the proof
of production has been shown the sample quality is, in some cases, not as good as the
single metal samples.
Figure 7.16 shows a position map of 600nm void diameter sample produced using the
double deposition technique outlined in chapter 4. This produces a graded thickness
gold sample with the ﬁnal 100nm made from nickel.
Strong Mie and Bragg modes are both observed for this sample. A strong Mie mode
is expected, however, appears not to tend to the expected Mie solution at ¯ t = 1. This
can be understood if the mode is limited to the gold part of the sample. This means at
a sample thickness of ¯ t = 1, the plasmon only observes a thickness of ¯ t = 0.8. This isChapter 7 Plasmon Interactions and Control 115
Figure 7.16: Position maps of a 600nm void diameter double deposited sample made
from graded gold topped with nickel. φ = 0o in all cases, incident angle as shown.
Green arrows show energies of Bragg plasmon modes, blue dashed lines show Mie
plasmon modes.
consistent with the Mie scattered solutions. Interestingly, the data shows a strong Bragg
plasmon, not expected for this sample. This plasmon could arise for a number of reasons.
Firstly, whilst the surface is covered in nickel, the voids are made from gold. This means
a Bragg plasmon with an electric ﬁeld primarily concentrated within the dishes might
be uninﬂuenced by the nickel. Secondly, the nickel surface appears quite rough, and
so it is possible that some gold may still be present on the surface. There is also the
possibility that the nickel could be thin enough to ‘borrow’ the plasmon activity from
the gold, a process sometimes observed in SERS experiments[101]. However, neither of
these possibilities seem to correlate with the Mie plasmon data, which appears to ﬁnd
the nickel layer completely plasmon inactive.
The second double deposited sample is the inverse of the ﬁrst, a graded 600nm void
diameter nickel sample with the top 100nm made from gold. A set of positions maps for
this sample are shown in ﬁgure 7.17.
Figure 7.17: Position maps of a 600nm void diameter double deposited sample made
from graded nickel topped with gold. φ = 0o in all cases, incident angle as shown.
Green arrows show energies of Bragg plasmon modes.
SEM analysis of this sample has shown that the deposition procedure has not worked
as well as for the ﬁrst sample. This is because the nickel oxidises quickly, preventing
the smooth deposition of the top gold layer. However, some information can be gained
from this sample. Whilst the surface geometry is hard to deﬁne, it still possesses anChapter 7 Plasmon Interactions and Control 116
ordered domain of features, and these can excite Bragg modes on the surface. This is to
be expected as the top surface is gold. Mie modes would only be expected to be weak.
However, due to the poor surface structuring, it is hard to conclude on their presence.
Whilst preliminary, the results from the two multilayer samples show some interesting
results. It is hoped that by improving the plating technique, and producing a number
of samples of varying void size, the properties of these systems will be much better
understood. Also of interest is the production of samples made from three metal layers.
This could make a nickel sample with a thin gold ring at half height, and allow greater
control over the positioning of plasmons within the three-dimensional geometry. This
work is to be continued after the completion of this thesis.
7.3 Tuning Plasmons with Refractive Index
Active alteration of the plasmon energies on these nano-structured surfaces would allow
a fantastic level of control for possible future applications. In this section the response
of the plasmon is studied as the refractive index of the dielectric top layer is varied. It
has been shown that Bragg modes are highly sensitive to slight variations in refractive
index, and this eﬀect has been used to form molecular sensors[73]. In the work in this
thesis, the emphasis still lies on understanding the properties of the plasmons in the
nano-structures, although interesting information can be found about the wetting of the
surfaces.
Two techniques have been employed to study the eﬀect of changing the refractive index
of the dielectric material. One uses a polarised microscope to study the plasmon modes
near normal incidence, when diﬀerent refractive index ﬂuids are placed on the surface.
The other uses the automatic goniometer to study the full angle dependence of the
plasmon modes in the presence of both air and water. In both cases a small ﬂuid cell is
created by using a glass cover slip, raised by around 200µm from the gold surface and
ﬁxed in place with double sided sticky tape.
Figure 7.18 shows dispersion plots for a 600nm sample at ¯ t = 0.1 in air and water. In both
sets of data the glass cover slip is present to allow direct comparisons between the data.
The theoretical dispersions are also marked on the images and can be seen to ﬁt very
well with the data. To incorporate the layer of water into the model a value of d = 1.77
(n = 1.33) is used in the eﬀective dielectric constant formula, restated in equation 7.1.
This dielectric constant is suitable over the range of energies considered[102].
ˆ k =
ω
c
s
ˆ md
ˆ m + d
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Figure 7.18: Dispersion maps for a 600nm gold sample in (a) air and (b) water.
(c) Schematic showing change in dispersion relation with increasing refractive index of
dielectric layer.
The change in plasmon energy for diﬀerent refractive indices can be understood by
considering the momentum conservation of the optical ﬁeld. If light starts in free-space
then passes into the ﬂuid cell the in-plane component of its momentum will increase, as
shown in ﬁgure 7.18c. The crossing point between the grating vector and the plasmon
dispersion provides the solution to the observed mode. Since the periodicity of the
structure remains constant, the solution for light in water will be of a lower frequency
than in air. For diﬀractive eﬀects a shift exactly equal to the refractive index is expected.
For surface plasmons the shift will be slightly smaller due to the eﬀective dielectric
constant dependence on the refractive indices of both media (equation 7.1). The data
ﬁts well with that of a shifted Bragg plasmon mode, as would be expected. To further
test the wetting of the surface, potassium chloride was added to the water. Potassium
chloride molecules have a smaller attractive force between then than water molecules.
This means that a solution of pure potassium chloride has a lower contact angle than
water. Adding potassium chloride to the water creates a mixture and so an average
contact angle. This reduced contact angle ensures the dishes fully wet. No variation in
the dispersion was observed, indicating that the thin samples wet completely. This is in
agreement with the experiments studying the contact angle of liquid on the surface.
Further investigations were conducted using a polarised microscope and index matching
ﬂuids of refractive indices of n = 1.3 and 1.5. There is some degree of uncertainty in
the wettability of the surface, and for this reason the refractive index ﬂuids were heated
to 60oC within the cell for twenty minutes while mild pressure was applied, this ensures
that the voids would be ﬁlled with the ﬂuid for all the sample geometries. Reﬂection
spectra were obtained at 10 times magniﬁcation for a similar sample to the one used in
the previous experiments (void diameter = 600nm), this data is shown in ﬁgure 7.19.
Here the y-axis shows energy multiplied by the eﬀective refractive index. This is used
to normalise out the eﬀect of the diﬀerent index ﬂuids. The size of the marker at each
point corresponds to the amount of absorption, while the colours show the data from theChapter 7 Plasmon Interactions and Control 118
Figure 7.19: Position map of extracted absorption features from a 600nm sample.
Energy is normalised to eﬀective Bragg plasmon refractive index for accurate recon-
struction of original mode proﬁle. Gold and purple lines show guide to eye for Bragg
and Mie modes respectively.
diﬀerent ﬂuids. Since the liquids have been heated and pressurised, wetting is expected
over the whole sample. For shallow regions of the sample two clear modes are observed,
indicated with the gold lines. These correspond to Bragg modes with the splitting caused
by the numerical aperture of the objective providing a maximum illumination angle of
8o. Again, when the data is scaled by the eﬀective refractive index the initial energies
are recovered with a high degree of correlation. Also clear in ﬁgure 7.19 is that the Mie
plasmon modes also scale well with refractive index (the guide to eye shown in purple).
This can be understood by considering the increase in wavelength with refractive index.
If, for simplicity, the plasmon standing-wave model is considered, then this increased
wavelength will lead to interference occurring at longer wavelengths. Again, a pure
optical mode will scale with exactly the value of the refractive index, while a plasmon
mode will scale with the eﬀective refractive index. The best ﬁtting for the data is when
the eﬀective refractive index is used (as shown in ﬁgure 7.19), providing further evidence
that the observed modes are plasmonic in nature. Using the refractive index ﬂuid it is
also possible to reach higher energy modes which are both ordinarily out of the range of
the spectrometer and deep within the surface plasmon absorption band. The top Mie
mode in ﬁgure 7.19 corresponds to the l = 3 state and its extrapolated value at full ball
height corresponds well to the theoretical value of 3.1eV.
Further analysis has been conducted by performing full angle and position scans for the
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scans performed in both media.
Figure 7.20: Position maps for a 600nm gold sample in (a) air, (b) water and (c)
water with the energy normalised by the refractive index. (d) Data from (a) and (c)
overlaid. (e) Position map showing overlaid data from the cell ﬁlled with water (red)
and water with added potassium chloride (green). Maximum colour intensity shows
maximum absorption.
Red data represents experiments performed in air with the cover slip in place, blue data
the addition of water to the cell and green data shows the water data normalised to
compensate for the refractive index (a, b and c respectively in ﬁgure 7.20). Figure 7.20d
show the combination of the data taken in a air and normalised water. A good agreement
between the energies of the SPP mode is shown (2eV for ¯ t < 0.2), in agreement with
previous experiments. It should be noted that the separation of the two Mie modes is
very close to a factor of 1.3, making analysis of this data all the more tricky. However,
the important change between the air and water data is the new Mie mode observed
at 2.5eV for ¯ t = 0.1 and dropping to 2.0eV for ¯ t = 0.6. Good correlations between air
and the normalised water data can be observed for this mode, implying that the cavities
have ﬁlled with ﬂuid. This is not a certainty considering the work on contact angle
performed in chapter 4. Here, it was found that the contact angle rose to a maximum
of 140o around half height, making the surface strongly hydrophobic. To try to resolve
this issue potassium chloride was added to a water solution to reduce the contact angle
and promote wetting. No change was observed in the position map, ﬁgure 7.20e, so it
must be concluded that the dishes were already ﬁlled.
This ﬁlling may arise for a number of reasons. The ﬂuid cell is ﬁlled from one end
and, while the contact angle of the sample may be large, the smooth gold surrounding
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reaches the sample, and potentially the surrounding gold forces a wetting of the voids.
The water is also tightly conﬁned within the cell, this will add pressure to the liquid,
perhaps suﬃcient to force wetting. While this provides a consistent argument, further
complexities are found for ¯ t > 1. Shown in ﬁgure 7.20e, a clear step in the Mie mode
energy is observed, along with a sharpening of the resonance, around ¯ t = 1.
Figure 7.21: Dispersion plots at ¯ t = 0.75 in (a) air, (b) water and (c) water with
potassium chloride, white and black line corresponds to Bragg plasmon dispersions in
water and air respectively . Below shows a sketch of possible surface wetting.
To study these features further ﬁgure 7.21 shows the mode dispersion. For this geometry
it is believed that wetting does not occur (for water or water with KCl), due to the
narrow pore mouth. When pure water is used, the contact angle forms a bubble above
the cavity, in eﬀect forming a spherical air cavity. This has the eﬀect of reducing the
energy of the Mie plasmon resonance because the better cavity deﬁnition reduces the
mixing of higher order modes. The line width of the modes is also reduced as coupling
to the plasmon mode can now occur evanescently from the water. This also explains
why the mode is now optically active at normal incidence. With the addition of KCl the
contact angle is reduced but no wetting of the cavity occurs. This has little eﬀect on
the geometry but slightly breaks the symmetry of the cavity, broadening the plasmon
mode.
A strange feature of the dispersion plots in ﬁgure 7.21b and c is the broad delocalised
modes above the Mie plasmon. Both features can be ﬁtted to the Bragg plasmon theory,
shown in black and white. One mode (drawn in white) requires the use of the dielectric
constant of water, as expected. The higher energy mode (drawn in black), however,
requires the use of the dielectric constant of air to ﬁt the data. The feature is more like
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the energies of the features cannot be ﬁtted to diﬀraction theory and the absorption is
too strong, indicating a plasmonic mode. This feature, therefore, appears to be a Bragg
plasmon that is concentrated in the air pockets above the cavities. This is an interesting
possibility, although the modes are stronger in the water with KCl which cannot so far
be explained. Work is continuing to understand these features.
7.4 Conclusions
This chapter has outlined the experiments performed to study the more advanced en-
ergetics of the plasmon modes observed on the nano-structured substrates. The ob-
servation of interactions between Bragg and Mie plasmons has provided a rich source
of interesting plasmonic features. It has been shown that anticrossing is observed be-
tween the two types of plasmons, leading to mixed plasmon states. These states have
very diﬀerent dispersions to those of the original plasmons and depend on the sample
orientation as well as the precise surface geometry.
The use of diﬀerent metals has also been shown to alter the plasmonic behaviour in
quite pronounced ways. These changes are due to the diﬀerent plasmonic properties of
the metals, and show there is still much work to be done before a full understanding of
SPP is achieved. The use of multilayer metal structures could also provide the ground
for some very interesting experiments by strictly controlling the plasmon active regions
of diﬀerent sample geometries.
The eﬀect of the refractive index of the dielectric top layer has also been shown to
strongly alter the plasmon dispersion. It has been shown that both Bragg and Mie
plasmons behave in a predictable manner with changing refractive index, and the results
obtained lead to some interesting conclusions about the wetting of the surfaces.Chapter 8
Surface Enhanced Raman
Scattering
Many applications require the detection of small numbers of molecules in varying en-
vironments. The diﬀerence in energy between an incident and a scattered photon cor-
responds to a vibrational mode of a molecule. This provides a ‘ﬁngerprint’ of the illu-
minated material[103, 104, 22], and is known as Raman spectroscopy. Unlike infrared
absorption or ﬂuorescence spectroscopy, Raman can simultaneously identify many dif-
ferent chemicals, requires no sample preparation and can be performed in almost any
environment. Unfortunately, Raman scattering has a very small cross-section, some 12-
14 orders of magnitude below that of ﬂuorescence. For this reason, Raman spectroscopy
has only found limited use outside the laboratory[105]. In 1974, all this was set to change
when M. Fleischman published a paper providing a method to enhance the Raman scat-
tered light from molecules by bringing them into contact with a roughened metallic
substrate[106]. Over the years this technique has become known as Surface Enhanced
Raman Scattering (SERS), and enhancement factors up to 1014 have been reported[19].
However, until recently[107] SERS signals have been plagued by irreproducibility and
not achieved the potential initially hoped for. A further frustration has been the lack
of a full understanding of the processes responsible for the reported enhancement fac-
tors, again arising from the lack of reproducible data. This (we hope) will soon be very
diﬀerent.
8.1 The Raman Eﬀect
The Raman eﬀect, named after its discoverer Sir C. V. Raman is, in essence, the inelastic
scattering of light oﬀ illuminated molecules. Figure 8.1 shows a schematic representation
of the associated energy levels involved in this scattering process.
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Figure 8.1: Energy levels involved in Rayleigh, Stokes and Anti-Stokes scattering. All
transitions pass through the virtual state.
The majority of light incident on a molecule will undergo Rayleigh scattering; this is an
elastic scattering mechanism where the outgoing light leaves with the same energy as the
incident, but in a random direction. In Raman scattering, however, the scattered light
can lose or gain energy to the molecule’s internal vibrational levels, known as Stokes
and Anti-Stokes transitions respectively. For all three scattering mechanisms the upper
state is said to be virtual. Intuitively, Raman scattering via this virtual state can be
considered as the polarisation of the molecules electron cloud, shown schematically in
ﬁgure 8.2.
Figure 8.2: Polarisation models for Rayleigh and Raman scattering, showing the
origins of the diﬀerent scattered energies.
Upon illumination, the electric ﬁeld of the incident light will force the electron cloud
surrounding the molecule to oscillate. The oscillating electrons will then re-radiate an
optical ﬁeld that is identical to that of the incident one. In the case of ﬁgure 8.2a the
electron cloud is symmetric situated around a single atom and thus the re-radiated light
is equally probable in any in-plane direction and will always bee of the same frequency
as the incident light, this is Rayleigh scattering.Chapter 8 Surface Enhanced Raman Scattering 124
Figure 8.2b shows the case of a simple molecule consisting of two atoms. It can be
assumed that at a ﬁnite temperature the atoms will oscillate with some frequency, νmol
which is small compared with the optical ﬁeld. The electron cloud surrounding the
molecule will oscillate at the frequency of the incident light, but the absolute shape of the
cloud will vary at the frequency of the molecular vibrations (exaggerated in the ﬁgure).
This oscillation in the shape of the electron cloud will subsequently alter the optical
ﬁeld generated. A Fourier analysis of the scattered light will now contain frequency
components equal to the initial light as well as frequencies both higher and lower than
the initial light. These frequencies are the Raman scattered ﬁelds. Furthermore, if the
molecule is not vibrating, at any given moment in time the electron cloud will form
a dipole moment across the atoms. Diﬀerent atoms will feel a diﬀerent ﬁeld and so a
diﬀerent force will be applied to each atom. This is suﬃcient to induce a vibrational
mode within the molecule and so induce Raman scattering. Clearly the probability of
inducing the transition is small as the molecular ﬁeld is oscillation quickly compared to
the atomic motion, and so will eﬀectively average to zero. This give some intuition into
my why Raman scattering is weak.
From this relatively simple model, we can see that if the intensity of the incident ﬁeld
is increased, the molecule will be forced to oscillate with a larger amplitude, and hence
increase the likelihood of a molecular transition.
While this intuitive model provides an explanation of the Raman eﬀect, a full quan-
tum mechanical treatment is required to gain quantitative answers. While this is
beyond the scope of this thesis, it is worth explaining the principles behind such an
understanding[108]. The treatment calculates an induced transition moment by consid-
ering the perturbation of the wavefunctions of the scattering molecule by the electric
ﬁeld of the incident light. This is written:
Pnm =
Z
ψ∗
mPψndτ (8.1)
where Pnm is the induced dipole moment, ψm and ψn are time independent wavefunctions
of the states m and n. This leads to the result:
Pnm =
1
h
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r
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MnrMrm
νrm + ν0

E (8.2)
where h is Planck’s constant, r corresponds to any level of the unperturbed molecule,
νrn and νrm are the frequencies of the transitions given by the subscripts, Mnr, Mrm
denote the transition moments and ﬁnally E is the electric ﬁeld vector of the incident
light. The intensity of light scattered by a given state can be written as:Chapter 8 Surface Enhanced Raman Scattering 125
Inm ∝ Nn (ν0 + νnm)
4 P2
nm (8.3)
where Nn is the number of molecules in the initial state. This equation shows the power
dependence of the Raman scattering will be linearly proportional to that of the incident
light and increases with the fourth power to the frequency. The term Pnm involves
the summation of transition moments from the initial state to all other unperturbed
molecular states multiplied by the sum of transition moments from all states to the ﬁnal
state. This sum of all possible transitions between the initial and ﬁnal state can be linked
to polarisation of the entire electron cloud and is the deﬁnition of the virtual state shown
in ﬁgure 8.1. Practically, it is rare that all energy levels and their associated transition
moments within a molecule are known, however, this approach does lead to a better
understanding of Raman scattering from a fundamental viewpoint. In particular the
theory helps to explain the resonant Raman eﬀect, where Raman scattering is greatly
enhanced when the frequency of the incident light is similar to that of an electronic
transition within the molecule[109].
8.2 Surface Enhanced Raman Scattering
In his initial publication, M. Fleischman attributed the increase in Raman signal to the
increased area of a roughened silver electrode adsorbing a larger number of molecules
than expected. Although published as a curiosity, other groups quickly realised that
the intensity was far too large to ﬁt this hypothesis, and started their own research[110,
111]. Interest has continued to ﬂourish over the past 30 years with many papers being
published on both experimental and theoretical aspects of this eﬀect.
SERS intensities are strongest from metal surfaces exhibiting some form of roughness
and experiments to date have used a number of techniques to achieve this roughness.
The initial experiments were performed on electrochemically roughened surfaces formed
by cycling the deposition potential to continually deposit and then strip metal from a
surface. After several cycles, samples become covered in sharp random features with sizes
up to around 20nm. A similar approach is to evaporate or vapour deposit metal ‘badly’
onto a surface to form a similar rough texture. A diﬀerent approach is to use a colloidal
solution or deposit colloids onto a surface. This gives greater control of the particle
sizes and separations, and has been favoured in much of the recent work[20, 19]. A ﬁnal
approach has been to employ lithographic techniques to precisely deﬁne a structure, and
then deposit a smooth metal ﬁlm over the top. Of all the techniques this is the only one
with a high level of control, however, it has received minimal interest, mainly because it
is believed SERS comes from nanometre structures, not the micron scale ones from the
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work in this thesis, and it will be shown that large enhancements are indeed possible
from such structures.
Current theories suggest SERS arises from two eﬀects, an electromagnetic contribution
and a chemical contribution. The two eﬀects are often intimately linked and there is still
a degree of uncertainty to the level of enhancement from each[112, 113]. Common belief
is that the electromagnetic enhancement is by far the greater of the two; however, this
uncertainty comes from a diﬃculty at the very heart of the SERS experiments. Because
samples are random in nature it is hard to quantify where the SERS signal has come
from. What is more, returning to the same point at a later stage may give a diﬀerent
result! With this uncertainty in results, it is hard to prove any one theory is correct, so
both will be discussed separately.
8.2.1 Electromagnetic Enhancement
Arising from the increased surface electric ﬁeld generated by surface plasmons, the elec-
tromagnetic enhancement mechanism is believed to be understood and ﬁts with much
of the experimental data[105, 114, 115].
As a simple approach, equation 8.3 can be rewritten in terms of the incident intensity,
I, number of molecules, N and a term corresponding to the Raman cross-section, σ.
To estimate the SERS to Stokes frequencies two new terms are added, expressing the
enhancement factors of the electric ﬁeld the laser and Raman scattered energies, A(νL)
and A(νS) respectively.
PSERS (νs) = Nσ |A(νL)|
2 |A(νS)|
2 I (νL) (8.4)
By considering a molecule close to a metal sphere embedded within a dielectric, and
using the equations from chapter 3, the enhancement can be written as the ratio of the
ﬁeld at the position of the molecule and the incident ﬁeld.
A(ν) =
EM (ν)
E0 (ν)
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 + 20

r
r + d
3
(8.5)
This term is maximised when  = −20, and the imaginary part of the dielectric constant
is small, corresponding to a surface plasmon resonance, as seen for colloidal particles[66,
105]. This equation can be repeated for the enhancement of the Stokes ﬁeld, giving rise
to an expression for the full enhancement of the system.
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Whilst this is a somewhat simplistic approach it provides similar results to other methods[116,
18]. The equations state that the level of enhancement should drop oﬀ quickly with dis-
tance from the surface, and should scale linearly with the incident power, both of which
have been veriﬁed experimentally[112]. It can also be seen that the SERS is strongest
when both excitation and scattered ﬁelds are in resonance with a surface plasmon, mak-
ing it possible to understand the SERS as a ﬁve step process, as shown in ﬁgure 8.3.
Figure 8.3: Schematic of the SERS process: 1. Optical ﬁeld excites surface plasmon
mode, 2. Surface plasmon polarises molecules on the metals surface. 3. Polarised
molecules scatter surface plasmon to Stokes and Anti Stokes frequencies. 4. Surface
plasmon scatters back into optical ﬁeld.
Light is incident on a surface at a certain angle, θi, and can excite a surface plasmon. The
large electric ﬁeld of the plasmon will polarise molecules bound to the surface, creating
large eﬀective dipole moments within them. If a molecule now changes vibrational state
then the molecular polarisation will be altered. This change in polarisation subsequently
aﬀects the emitted plasmon, leading to a new plasmon surface ﬁeld. Finally the surface
plasmon can couple into an outgoing Raman scattered photon. It has been shown in
previous chapters that the energy of SPP modes is highly dependent on angle and so it
can be postulated that diﬀerent Raman scattered photons should leave the surface at
diﬀerent angles if enhanced via a SPP mode. This can be tested experimentally, as will
be shown in the following chapter.
8.2.2 Chemical Enhancement
The electromagnetic enhancement model can be constructed to ﬁt much of the current
experimental data; however, there are a number of cases where this model simply does
not work and a diﬀerent approach is required. It has been observed that the molecules
methane and ethane produce SERS spectra one-hundred times less intense than those
of benzene, even though the ordinary Raman spectra are of equivalent intensity. It is in
light of this, and a number of other experiments[113, 117], that chemical enhancement
methods have been proposed. Often referred to as a ﬁrst-layer eﬀect, since it requires
direct contact between molecule and the metal substrate, the chemical enhancement fac-
tor is often considered to be around one or two orders of magnitude. This enhancement
factor combines with the electromagnetic enhancement by a multiplication, so whileChapter 8 Surface Enhanced Raman Scattering 128
much smaller would potentially be observable experimentally. A number of sources have
been postulated to be responsible for the chemical enhancement, however, experimental
proof is hard to come by[118, 105].
The ﬁrst, and perhaps most compelling, argument is that the chemisorption of molecules
to a metal surface broadens their electronic states as well as forming a new electronic
state, allowing a resonant Raman process to occur, this is schematically shown in ﬁgure
8.4.
Figure 8.4: Charge transfer model for chemical SERS enhancement.
The Fermi level of the metal is assumed to be midway between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO); this
is a reasonable assumption for most molecules[105]. Resonance Raman, indicated by
(a), requires photon energies in the ultraviolet, however, the charge transfer through
the intermediate metallic site, (b), brings this energy into the visible, and allow possible
Raman transitions to occur. This system also gives rise to the possibility of what is
known as dynamical charge transfer. In this eﬀect, a photon excites an electron into
a high energy state. This electron then transfers to the LUMO state and excites a
molecular vibration before returning to the metal and thermalising. It is also possible
that a broadening of the electronic transitions increases the excitation cross section of
the electromagnetic SERS eﬀect. An interesting extension to this model is that surface
roughness helps increase electron-hole production in the metal, as well as coupling the
excited electrons to the vibrational modes of a molecule. This produces a broadband
Raman spectrum often referred to as the luminescence background, which is always
present in laser excitation SERS experiments[113].Chapter 8 Surface Enhanced Raman Scattering 129
8.3 Conclusions
This chapter has introduced the eﬀect of surface enhanced Raman scattering. While
many experiments have been performed to prove the existence of SERS, the origins of the
eﬀect are still poorly understood. SERS it only observed from metals that exhibit surface
plasmons, implying that the electromagnetic contribution is by far the most important
eﬀect. Other chemical processes, it is therefore reasonable to surmise, performing only a
minor role, although the multiplicity of the contributions to the ﬁnal scattering intensity
means this process should be possible to observe. To gain a full understanding of physics
behind these eﬀects it is clear that more experiments are needed with a greater emphasis
on the fundamentals. One such experiment is the study into the angle dependence of
the SERS process, and the veriﬁcation of the ﬁve step process postulated in ﬁgure 8.3.
A greater understanding into the SERS process would allow the optimisation of the
enhancement factors from diﬀerent surfaces, and would be useful in the creation of
Raman molecular detection systems.Chapter 9
Experimental SERS
9.1 Introduction
The previous chapter has outlined the processes believed to be responsible for the ob-
served Raman enhancements found in molecule-metal systems. While an exact theory
has not yet been found, it is clear that plasmon active surfaces are crucial, and the elec-
tromagnetic mechanism probably produces much of the observed enhancement. With
samples that possess easily tuneable localised and delocalised plasmons, as well as a
setup capable of observing highly resolved angular and spectral information, the way
is paved for many interesting experiments. This chapter will ﬁrst outline some of the
preliminary experiments performed by members of the Southampton chemistry depart-
ment as well as the author. These show excellent enhancements in the observed Raman
spectra, high stability, and close to perfect reproducibility, along with other expected
features. A section will then be presented on the strong correlation between both lo-
calised and delocalised plasmons with the observed Raman signal, and show conclusive
proofs of both in- and out-going resonances. This is followed by a brief look at the
potential application and challenges facing this work.
9.2 SERS Characterisation and Understanding
This section outlines the research undertaken to understand some of the fundamental
properties of the SERS process on the nano-structured samples. The molecule of choice
for these studies is benzene thiol, a benzene ring with a sulphur atom attached to one
of the carbon bonds (ﬁg 9.1 inset). A typical Raman spectrum is shown in ﬁgure 9.1
with the nature of the diﬀerent observed transitions shown. It is customary for Raman
spectra to be plotted in terms of the Raman shift:
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Raman Shift(cm−1) =
(Elaser − ERaman peak)
100hc
(9.1)
where Elaser and ERaman peak are the energies of the excitation laser and the observed
energy of the spectra respectively. For this thesis, the spectra will also be plotted against
energy in most cases.
Figure 9.1: Image showing a typical SERS spectra for benzene thiol (shown in the
inset), the diﬀerent peaks correspond to diﬀerent molecular modes, as shown.
A sample is cleaned by placing it in a stirred bath of tetrahydraﬂouran for two hours.
Subsequent emersion in a 1mmol solution of benzene thiol in ethanol allows a monolayer
of molecules to attach to the metals surface. In this process the sulphur atom chemisorbs
onto the surface, and the hydrogen is released. This process is given two hours; however,
much of the attachment occurs within the ﬁrst few minutes. The metal-sulphur bond
is strong but also allows the benzene ring freedom of in-plane motion. After some time
molecules will pack onto the surface in a self assembled monolayer, but will maintain a
large enough spacing for each molecule to be considered independent. A ﬁnal wash in
ethanol removes all molecules not attached to the surface, which can be veriﬁed through
the absence of the S-H bond in the Raman spectra[119, 120].
9.2.1 Enhancement and Reproducibility
The enhancement factor, G, of a surface is calculated using the method described by
Z-Q. Tian et al.[121], using the equation:
G =
c∞NAσhIsurf
RIbulk
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where Isurf is the intensity of the Raman peak detected on the SERS surface, Ibulk is
the Raman intensity of a solution with concentration c∞. NA is Avagadro’s number,
h is the confocal volume of the spectrometer and σ is the surface area occupied by the
adsorbate. Finally, R is the roughness factor of the surfaces. This is found by measuring
the charge associated with the removal of oxide from the metals surface[122]. For gold
the oxide forms a monolayer and so the current produced when stripping this layer
provides a measure of the total surface area. Any extra surface area over that expected
from a perfectly smooth metal ﬁlm is therefore due to increased roughness. Using this
technique it has been found that the surface of the gold nano-structures have a very low
roughness. However, for the case of equation 9.2 the increase in surface area, due to the
pattering, leads to the use of a roughness factor of 1.6 over that expected for a perfectly
smooth surface. The enhancement of the surfaces is found to be 3x106[123], which is
similar to the reported values for other SERS active systems[124], and a good two orders
of magnitude better than the enhancement found on a roughened electrode. While this
level of enhancement cannot be fully understood, it is in agreement with some perditions
made from the electromagnetic model of SERS[114, 125].
By taking 100 Raman spectra at random positions over a 0.5cm2 region of an un-graded
sample the variation in peak intensity was found to be less than 10%. This should be
compared to the variation in intensity from a roughened surface of over 1000%! Clearly
a big improvement; a comparison with other presented material is not truly possible as
the reproducibility factors are not published.
9.2.2 Wavelength, Power and Polarisation Dependence
With knowledge that the recorded Raman spectra are consistent and reproducible, it is
possible to measure diﬀerent aspects of the SERS process.
Initial attempts to record angle dependent SERS used a diode-pumped, frequency-
doubled Nd:YVO4 laser operating at 532nm. This provided no Raman signal but suc-
cessfully burned holes on the surfaces. When the switch to using a near infrared laser
was made Raman experiments became possible. A more stringent test of excitation
wavelength has been performed using a Renishaw Raman 2000 system. This has shown
that for silver, gold and platinum the enhancement increases as the pump frequency
shifts from green to infrared. For gold the increased enhancement between pumping at
633nm and 758nm is found to be of order 3 times, while a laser wavelength of 514nm is
found to give a 13 times enhancement over 758nm. For silver and platinum the increase
in Raman signal between pumping at 514nm and 758nm pump sources is found to be
150 times. This diﬀerence in enhancement factor comes from the plasmonic properties of
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The power dependence of the SERS process for a 600nm silver sample has also been
measured using the Renishaw microscope system pumped at 633nm. In this experiment
the power dependence of both the Stokes and Anti-Stokes peaks at ±1072cm−1 was
recorded; the laser power was 3mW and was focused to a spot size of 5µm2, this data is
plotted in ﬁgure 9.2.
Figure 9.2: Graph showing power dependence of both Stokes and anti-Stokes transi-
tions. Performed on a silver sample, void size = 600nm, ¯ t = 0.2
As the SERS process on the Stokes side is sensitive to the square of the incident electric
ﬁeld, it follows it should have a linear dependence with pump intensity. The data, which
has been averaged over a number of repeats, shows the enhancement to be linear with
pump power over the range of powers accessible to the pump laser, as expected. This
result has also been conﬁrmed for gold samples, both on and oﬀ plasmon resonances and
is consistent with the literature[126]. The intensity of the anti-Stokes Raman signal is
500 times weaker than that of the Stokes because the process requires a molecule to be
in an excited state, and then scatter back to one of lower energy. This process is random
and depends on the temperature of the molecules surroundings. There is much interest
in analysing the ratio between the Stokes and anti-Stokes signals to provide information
on the eﬀective temperature of the molecules involved in the SERS process, and hence
give some information on the true enhancement factors. At the range of powers used
for our experiments the anti-Stokes signal varies linearly with power. This implies that
there is no pumping of the molecule to a higher vibrational state, which would lead to a
relative increase in the anti-Stokes signal over the Stokes. This is again to be expected, as
an enhancement suﬃcient for vibrational pumping requires a local ﬁeld intensity close to
that capable of annihilating the molecule under study. The benzene thiol molecules still
produce Raman spectra after days of constant illumination so it is reasonable to assume
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the measured enhancement factors in the pervious section. It is also interesting to look
at the Stokes and anti-Stokes spectra, shown in ﬁgure 9.3.
Figure 9.3: Graph showing both Stokes and anti-Stokes Raman signals. Performed
on a silver sample, void size = 600nm, ¯ t = 0.2
Whilst the ratio between peaks of the same wave-number is constant for various powers,
this ﬁgure clearly shows that intensity distributions of the two spectra are quite diﬀer-
ent. Anti-Stokes intensity drop much more quickly with wave number than the Stokes
intensities. This rapid decrease can again be attributed to the decrease in probability
of molecules existing in high vibrational states at room temperature. Interestingly, the
background signal also drops in intensity in the same manner as the Raman peaks, pro-
viding evidence that this signal is closely linked to the SERS process. The background
is always observed and its shape seems to be dependent on the type of molecules and
metal involved as well as pump and detection wavelengths. Currently there is much
debate over the origin of this background, although plasmon enhanced ﬂuorescence is a
strong contender.
Finally, the polarisation dependence of the SERS signal is tested. Whilst the Raman
process scatters randomly, plasmons are polarisation dependent, and so should aﬀect
the scattered light. Experimentally, some variations in intensity have been observed
with changing polarisation, but no clear correlation between polarisation and Raman
intensity can be found. There are a number of reasons for this: ﬁrstly the intensity of the
Raman spectra is greatly reduced after passing through the polariser, making detection
more diﬃcult. Secondly, it is not clear exactly what polarisation dependence would be
expected, since both TE and TM plasmons have been shown to exist on the substrates.
To fully understand any relationship a full study for all sample orientations and output
polarisations should (and hopefully will) be conducted. However, it is suﬃce to say
that the dependence is small and therefore need not be worried about in the following
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9.3 The Plasmonic Connection
It has long been known that plasmons are an essential part of the SERS process. What is
less well understood is the precise origins of this massive enhancement. To try and begin
to answer this question the plasmon active surfaces discussed throughout this thesis are
put through exhaustive sets of experiments using the set up described in chapter 5. It
has already been found that the surfaces have excellent enhancement factors and near
perfect reproducibility of SERS signals. This allows a single point to be illuminated
for 12 hours while the computer controlled goniometer records the intensity of Raman
scattered light at diﬀerent pump and detection angles as well as sample orientations. The
plasmon dispersion plots, discussed in chapter 6, are used to ﬁnd plasmon resonances,
then the excitation laser wavelength can be tuned accordingly. If a single pump angle is
used and the detector is scanned through all output angles a detector scan is built up.
Detector scans map the output resonances in the SERS process, and can be compared
to the plasmon resonances to ﬁnd correlations. A similar technique can be used to map
the input resonances by maintaining a constant detection angle and scanning the pump
light. These two techniques are known as pump- and detector- scans and have been
discussed in chapter 5. Besides this, the surfaces exhibit surface and localised plasmon
modes, which can be tested to observe their SERS coupling eﬃciencies.
9.3.1 Localised Plasmon SERS
The overwhelming majority of SERS experiments published use localised plasmons, ex-
cited on either rough surfaces or colloidal particles. In these experiments, the particle
sizes are on the nanometre scale and the largest SERS signals appear when two particles
are close enough for their electric ﬁelds to be enhanced in the tiny gap separating them.
The deﬁnition of a localised plasmon in this thesis is the Mie scattered electric ﬁeld in
a sub-micron cup. It has been found that the walls of the cavity are smooth and from
the optical dispersion it is known that there is limited interaction between adjacent
cavities. This would not at ﬁrst sight appear to be the best structures for observing
SERS; however, as the previous section has already outlined, enhancement values of a
similar order to those reported in the literature are observed. To start to understand the
connection between the two seemingly diﬀerent sample types, a deeper analysis of the
SERS from the localised plasmon is required. Due to the high angular resolution of the
goniometer setup, the pump laser is only weakly focused onto the sample using a 30cm
focal length lens. The ﬁbre detector is also 26cm from the sample and for this reason,
together with the fact that the Raman enhancement of gold is signiﬁcantly smaller that
that of silver, a three minute integration time is required using a cooled CCD camera.
A pump intensity of 100mW is also required to obtain a reasonable signal from a system
with an eﬀective numerical aperture 10 times smaller that that of a standard Raman
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only because the enhancement factors of the surfaces are so high that any Raman signal
can be observed.
Figure 9.4 shows a reﬂection spectra and a Raman detector scan for a 900nm void size
gold sample, position at ¯ t = 0.8 to exhibit a strong localised plasmon. The reﬂectance
varies slightly with incident angle, however, there is strong absorption across the whole
range of angles and other experiments have shown this to be an almost purely localised
mode with some weak mixing. The excitation laser is tuned to 1.63eV and brought in
at 15o to the sample normal, designated by the (X) in plots a and b.
Figure 9.4: (a) Reﬂectivity scan of a Mie plasmon, the cross shows angle and energy
of pump laser in detector scan, the circle shows detection angle for pump scan. (b)
Detector scan as deﬁned in (a). Cuts through this image show are shown in: (c)
Raman spectra and (d) angular dependence, reﬂectivity shown for comparison.
The detector arm is then scanned 50o either side of normal, collecting the SERS spectra
as it goes. As shown in 9.4b there is a clear enhancement in the observed SERS signal
in the presence of the plasmon mode, the lack of data in the top half of the image is
a constraint of the ﬁlters used to cut light near the excitation frequency. Figure 9.4c
shows a spectral cut through the image presented in b, showing the expected Raman
peaks of benzene thiol. The broadening of the peaks relative to those shown previously is
due to the lower resolution of the spectrometer. Figure 9.4d shows the more interesting
angular cut through the data, showing the SERS signal and the reﬂection spectrum for
one energy and diﬀerent incident angles. Here, a clear correlation between increased
absorption and enhanced SERS is evident. This shows the direct link between plasmons
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At the same sample position a pump scan can now be performed with a detection angle
of 23o, indicated by the circle (◦) in the reﬂectance plot (ﬁg 9.4a, and ﬁg 9.5a). The
pump scan provides information about ingoing resonances and since the pump laser is
only a single frequency the information in ﬁgure 9.4a can be depicted on a single graph,
as shown in ﬁgure 9.4b.
Figure 9.5: (a) Pump scan as deﬁned in ﬁgure 9.4, (b) Cuts through (a) showing
correlation with reﬂectivity.
Both the angle dependence of the 1072cm−1 peak and the background at 1300cm−1 are
shown, along with the reﬂection spectra at the pump angle. Again, good agreement
between peak absorption and maximum SERS signal is observed, although the enhance-
ment persists and indeed increases at larger scan angles - the reason for this is uncertain
but possibly indicates the presence of a plasmon mode component not detected in the
reﬂection spectra. Both peak and background again show the same proﬁle, once again
indicating the connected relevance of the background in understanding of the SERS
process. This proves that the background is linked to the SERS process and acquires an
equal enhancement to the Raman peaks.
9.3.2 Bragg Plasmon SERS
Using a 700nm gold sample at ¯ t = 0.2 a strong Bragg plasmon mode can be observed.
The reﬂectivity of this position is shown in ﬁgure 9.6a. Using this data an excitation
wavelength of 775nm was used at an angle of 7o to directly pump one of the Bragg modes.
The angle dependence of the Raman scattered light was then recorded. This data is
shown in ﬁgure 9.6b and clearly shows the correlation between the shape of the plasmon
dispersion and the angle dependence of the SERS. This quite unambiguously shows the
plasmon enhancing the outgoing resonance of the SERS process. The clear implication
of this data is that the observed Raman scattered light from the adsorbed molecules is
ﬁrst re-emitted into a plasmon state, and not a photon one. This supports the ﬁve step
plasmon model of SERS presented in the previous chapter. The enhancement in the
background can also be seen to follow the proﬁle of the plasmon absorption.Chapter 9 Experimental SERS 138
Figure 9.6: (a) Reﬂectivity of a Bragg mode. (b) Detector scan taken from position
(a), pump angle indicated by (x).
Figure 9.7 now shows a number of cuts through ﬁgure 9.6 to reiterate and enforce the
data thus far presented.
In ﬁgure 9.7a, the correlation between absorption and Raman signal is explicitly pre-
sented. This shows the direct link between the plasmon resonances and the Raman
signal. The data shows an increased angular width of the Raman peaks over the de-
tected plasmon resonances. The reﬂectivity experiments use the super continuum laser
that is well collimated and has a spot size of about 2mm on the collimation lens, this
allows an angular resolution of 1o. The Raman scattered light is incoherent and ﬁlling
the whole of the collection lens, reducing the angular resolution of the experiment to
around 4o and leading to the observed broadening of angle resolved data.
Figure 9.7b shows Raman spectra both on and oﬀ the Bragg plasmon resonance. This
shows that the plasmon resonance accounts directly for an enhancement factor of ten,
a feature that is consistent throughout all the experiments performed to date. This
poses some very interesting questions since on a smooth gold surface, in the absence of
structuring and where no plasmon modes exist, the Raman intensity is essentially zero.
This means the plasmon is required for the full 3x106 enhancement (the total enhance-
ment observed in the experiment), but only directly provides one order of magnitude in
the angular resonance. One possible explanation for this is non-resonant SERS emission
arising from molecules at sites with additional highly localised plasmons. Although these
sites absorb photons very weakly, they can eﬃciently couple to the larger scale Mie and
Bragg plasmons. These sites would also have a broad range of energies and emit in all
directions. Due to their small size these highly localised plasmon can more eﬀectively
couple to molecules and hence become a major source of Raman scattering. To prove
this hypothesis, further work is required from both theoretical and experimental sides
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Figure 9.7: Analysis of ﬁgure 9.6b. (a) Comparison between reﬂectivity and SERS.
(b) SERS spectra on and oﬀ resonance. (c) Angular SERS at two energies. (d) Spectra
at two angles.
The graphs c and d in ﬁgure 9.7 are designed to show one of the important implications of
this work - the strong angular dependence of the SERS eﬀect. In ﬁgure 9.7c, two angular
slices at constant energies are shown. This emphasises the change in observed signal
simply from altering the detection angle. In a standard confocal Raman microscope the
numerical aperture of the lens deﬁnes the range of observed angles. In the presented case,
an objective with a viewing angle less than about 20o would not observe the majority of
the enhanced signal, greatly reducing the eﬃciency of the experiment. This eﬀect could
also be used as a powerful tool by enhancing diﬀerent wavelengths at diﬀerent angles: the
SERS substrate can be designed to both enhance and split the Raman lines directly onto
a photo-detector. A further point outlined here is the need for careful design of SERS
experiments to understand how the resonances will aﬀect the signal under diﬀerent
conditions. Figure 9.7d shows a ‘normal’ SERS spectrum for benzene thiol at two
diﬀerent detection angles. Ordinarily the relative intensities of diﬀerent Raman peaks
are used to understand the orientation of bonds within a molecule relative to the surface.
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modes, making simple analysis ﬂawed. The data presented here is of course an extreme
case of this eﬀect, but nonetheless it is an important consideration when comparing
diﬀerent molecular bonds experimentally examined under diﬀerent conditions.
Figure 9.8 shows the reﬂectivity and Raman pump scans from a 900nm sample at ¯ t =
0.1. Again, strong Bragg modes are observed. The laser is tuned to a wavelength of
760nm and the detector is set to 1o.
Figure 9.8: (a) Reﬂectivity showing a set of Bragg plasmon modes, the circle show
angle of the detector in the pump scan. (b) Pump scan and cross section, also shown
is the reﬂectivity of the pump laser wavelength.
This data clearly resolve the input plasmon resonances of the surface. This is proven
because the Raman enhancement matches the absorption proﬁle at only the excitation
energy, not the detected energies. The overall level of plasmon enhancement again
seems to be independent of energy, with the background following the same intensity
distribution as the peaks.
Interestingly, the level of enhancement from Bragg and Mie plasmons is very similar.
Experiments have also been performed using mixed plasmon modes, and again the level
of enhancement is the same. This similarity implies that the cross-sections, and electric
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9.4 Diﬀerent Metals
In the ﬁelds of plasmonics and surface enhanced Raman spectroscopy, silver is very often
the metal of choice. This is because surface plasmons on silver are less attenuated than
on gold. This leads to stronger resonances and allowing experiments to be performed
more easily. However, silver quickly oxidises and so samples do not last for prolonged
periods, unless protected.
SERS experiments are performed on the same silver samples used to understand to
plasmonic properties and, again, benzene thiol is used as a Raman active molecule.
To avoid the problem of oxidation experiments were performed within a day of sample
production; however, no changes in the spectra were observed after several weeks. This
is because the surface layer of benzene thiol slows the oxidation of the silver, although
sample degradation is observed over the course of a year. In chapter 7, analysis of the
silver samples showed the response to be dominated by mixed modes of primarily Bragg
plasmon nature. Again, it should be stated that data is not recorded above ¯ t > 0.5 due
to problems with the growth of silver. This means strong Mie plasmon modes could not
be studied for these samples. Figure 9.9 summarises the SERS response observed for
many diﬀerent silver samples.
Figure 9.9: (a) Reﬂectivity of a 800nm silver sample at ¯ t = 0.3 (b) Detector scan of
Raman emission from same point. (c) Cuts through (a) and (b) as shown.
These measurements only required an integration time of 30s (compared to 3 minutes
for the gold samples), consistent with approximately an order of magnitude increase
in enhancement between silver and gold[123]. As expected, there is an increase in the
Raman signal with angle in the presence of a plasmon mode; however, the increase
in counts is small. This small increase is in fact due to only a small decrease in the
intensity of the oﬀ-resonance SERS signal. This is similar to the observations on gold,
only more pronounced, with a 20% variation between on and oﬀ resonance. This large oﬀ-
resonance signal is attributed to the increased roughness of the silver samples over their
gold counterparts. This increased roughness has been observed through electrochemical
analysis and is expected due to the faster growth rates of silver ﬁlms. The increased
roughness of the silver ﬁlms could well increase the density of molecular level hot spots,Chapter 9 Experimental SERS 142
and so increases the SERS signal for all energies and angles, adding support to the
previous theory.
The silver samples also have a plasmon enhanced background. It is found that the
Raman peak intensities for silver, relative the intensity of the background, are about
twice that seen on gold samples. This shows that the increased enhancement factor
aﬀects the direct Raman scattering process more strongly than the process responsible
for the background. This adds weight to the notion that the background is related to a
chemical enhancement mechanism and further work on diﬀerent metals may be able to
shed more light on this idea.
Experiments have also been attempted to observe SERS on the platinum, nickel and
mixed gold/nickel, nickel/gold samples. Unfortunately, due to the reduced enhancement
factors of these materials, no angle resolved data has yet been obtained. Thorough
analysis will soon be carried out using the Renishaw microscope system, where Raman
signals can indeed be observed.
9.5 Application and Conclusion
Throughout this thesis there has been continual mention of the capabilities of SERS
for real applications. The Raman process is very useful to distinguish the presence of
diﬀerent molecules due to the unique set of vibrational states possessed by each. It has
been shown that the substrates used in this thesis are reproducible, and can be used after
countless cleaning procedures as well as left in ambient conditions for at least two years
(no degradation has been observed over the past few years on any of the gold samples).
The robustness of the samples also allows the accurate measurements of process such
as electrochemical SERS[107]. In this technique Raman spectra are recorded while the
electric potential across the molecules is varied. The electric ﬁeld controls the bonding
of certain molecules to metal surfaces. By observing the change in Raman spectra
with potential it is possible to understand the molecule-metal bonding in greater detail.
Again, the high reproducibility of the surfaces allows more accurate data to be collected
than has previously been possible.
When used in a standard Raman microscope setup with silver nano-structured sub-
strates, a strong signal can be obtained in one second - suﬃciently quick for real time
detection. It should also be noted that the surfaces could potentially be cheap to pro-
duce, requiring only a solution of micro-spheres and a little gold.
There is a choice between the use of Bragg or Mie plasmons to enhance the Raman
signal. While the two types of plasmon provide almost equal enhancement factors the
Bragg plasmons have several advantages. Firstly, as discussed previously, the dispersion
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substrates to be placed at a distance from the collection optics in, for example, hazardous
environments. The control over the plasmon dispersion also allows for the design of
devices that split the diﬀerent Raman lines into various spatial locations, as shown in
ﬁgure 9.10.
Figure 9.10: Angle plots of a 900nm gold sample for (a) a Bragg mode at ¯ t = 0.2
and (b) a Mie mode at ¯ t = 0.5. In each case three energies are shown corresponding to
the plasmon dispersions at 998cm−1 (red), 1573cm−1 (green), and 3055cm−1 (blue) if
a pump laser of 600nm is used. These images correspond to the expected Raman image
collected in the back focal plane of a microscope objective.
This image takes the plasmon dispersions at three Raman peak energies. Since it has
been shown that the Raman peaks are enhanced at these plasmon modes, these im-
ages simulate the output Raman scattered light from the surface. This indicates how
eﬀectively diﬀerent Raman lines can be sent to diﬀerent spatial locations for direct de-
tection by a CCD camera. This splitting and beaming of the Raman scattered light
combined with the enhancement could greatly simplify device architecture. One of the
most important applications of molecular detection is in micro-ﬂuidic systems for rapid
detection of diﬀerent molecular species. It has previously been shown that the wetting
of nano-structured surfaces is still something of an uncertainty and, since the most com-
mon solvent is water, it makes sense to use thin substrates to allow total wetting and
hence maximum contact between the surfaces and the molecules to be detected; this
again favours the use of Bragg plasmons.
While the surfaces considered in this thesis are not currently being used beyond the lab-
oratory, similar substrates have recently been commercialised[21, 127]. These are square
arrays of holes on the micron scale, produced using a commercial optical lithography
system and then coated with a gold top layer. These substrates have attracted much
interest and hold the potential for success, with the key physics coming from the exper-
iments performed on the nano-void samples discussed above. This emphasises some of
the true potential in fully understanding the properties of surface plasmons.Chapter 10
Plasmon-Exciton Coupling
10.1 Introduction
The ﬁnal experiments outlined in this thesis deal with coupling between plasmons and
molecular semiconductors. The aggregation of certain types of molecules on a surface
allows the formation of delocalised exciton state. These can interact strongly with surface
plasmons to form an exciton-plasmon mixed state[128, 129]. It has been found that
emission into a surface plasmon mode becomes dominant when a light emitter is brought
within 50nm of a metals surface[128]. This has the eﬀect of enhancing the spontaneous
emission rate of the light emitter and has been proposed as a system to improve the
emission from laser diodes[130]. The observations of the interactions between these
organic semiconductors with plasmon active surfaces are therefore useful to improve the
understanding into such systems.
10.2 J-Aggregate Preparation
To produce a surface exciton mode the properties of cyanine dyes are used. Figure
10.1 outlines the remarkable properties of these dyes when they are cast onto a smooth
surface.
These molecules have an electron donor group at one end and an electron acceptor
group at the other[131]. This asymmetry produces a large static dipole moment along
the length of the molecule. The cyanine dye of choice for these experiments is known as
NK2751, the chemical structure of this molecule is shown in ﬁgure 10.1a. In solution, and
at room temperature, these molecules act independently and exhibit a broad monomer
absorption feature centred at 2.3eV due to the dipole moment. When, however, this
solution is cast onto a surface, the dipolar nature of the molecules causes them to align.
This acts to form large self-assembled molecular arrays, as shown in ﬁgure 10.1c. This
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Figure 10.1: (a) Chemical structure of cyanine dye, dipole moment also shown. (b)
Pictorial representation of molecules in solution and (c) when aggregated, giving rise
to diﬀerent absorption spectra (d) due to the delocalisation of the exciton state.
aggregation makes the molecular ﬁlm extremely well ordered and correlates the eﬀect of
the individual dipoles, creating a much larger dipole moment.
An alternative model for this system is to view each molecule as a small piece of semicon-
ductor containing one electron-hole pair, or equivalently an exciton. Upon aggregation
the molecules are suﬃciently closely spaced for the excitons to delocalise through the
strongly correlated interactions. This forms an exciton energy band and reduces the
energy of the electrical transition, and hence the absorption. The molecular alignment
also reducing the line-width of the transition, ﬁgure 10.1d.
It has been found that a simple drop casting technique of pure cyanine molecules in
methanol can lead to the formation of good J-aggregate ﬁlms on the nano-structured
surfaces. Once aggregated, the molecules appear stable for prolonged time scales (greater
than a few weeks), and allow measurements of the absorption spectra as well as ﬂuores-
cence to be recorded at diﬀerent angles.
10.3 Optical Measurements
Using the same automated goniometer setup used for the plasmon experiments the angle
resolved absorption of the J-aggregated nano-structures surfaces can be recorded. The
sample of choice for this experiment is a 600nm gold sample, whose optical properties
have been studied in detail. Figure 10.2a shows the dispersion of the pure Bragg plasmon
on a nano-structured surface with no J-aggregate at ¯ t = 0.2. This can be compared to
ﬁgure 10.2b that shows the same sample position, only now covered with a thin J-
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Figure 10.2: Dispersion maps of a gold sample, void diameter = 600nm, φ = 0o
and ¯ t = 0.2. (a) No J-aggregate, (b) a thin J-aggregate layer and (c) a thicker J-
aggregate layer. White line shows plasmon dispersion in a dielectric material, n = 1.6.
Black solid line shows calculated plasmon dispersion in J-aggregate, dashed line shows
exciton absorption band, red dashed line shows calculated SPP wave-guiding mode.
The molecular coverage of the surface has two strong inﬂuences on the observed spectra.
Firstly, the thin molecular ﬁlm has a ‘spectrally-resonant’ high refractive index, this was
shown in chapter 7 to reduce the Bragg plasmon energy through in-plane momentum
conservation. The white line in ﬁgure 10.2b shows the expected dispersion if the refrac-
tive index of the J-aggregate ﬁlm was a constant value of 1.6 at all energies. The second
eﬀect of the J-aggregate ﬁlm is the strong localised absorption from the exciton state
at 1.75eV. If the plasmon and the exciton were independent their modes would cross
around 10o (white and dashed black lines in ﬁgure 10.2b). However, coupling between
the SPP and exciton modes occur, and an anticrossing behaviour is observed. This is
understood through a mixing between SPP and exciton modes, forming a new set of
mixed states. These mixed states correspond to an oscillation between a surface charge
ﬂuctuation and an excited exciton state. Using elipsometry the complex refractive index
of a thin J-aggregate ﬁlm on smooth gold can be found[130]. These values can then be
used to ﬁnd the complex dielectric function for J-aggregate/gold structure as a function
of energy. The dielectric function of the exciton resonance ﬁts well with that of a simple
Lorentz oscillator, shown in ﬁgure 10.3a, and for simplicity it is these values that are
used to ﬁt the data. This dielectric proﬁle leads to an increase in absorption at the exci-
ton resonance energy as well as a rapid change in the real part of the dielectric constant
at the energies around it. Figure 10.3b shows the dispersion relation for both light trav-
elling through the J-aggregate medium and a SPP travelling along the interface between
gold and the J-aggregate layer. This model uses the experimental dielectric constants
of gold and those shown in ﬁgure 10.3a for the J-aggregate.
Using these dispersion relations the theoretical modes of SPPs and light within the J-
aggregate layer can be estimated. These are shown in ﬁgure 10.2b - solid black lines
and red dashed line correspond to dispersions of SPPs and light respectively. A goodChapter 10 Plasmon-Exciton Coupling 147
Figure 10.3: (a) Graph showing dielectric constant of a oscillator used to model J-
aggregate properties (b) Dispersion of light in a J-aggregated medium and SPPs in a
metal/J-aggregate system.
ﬁtting between experiment and theory can be achieved with both dispersion relations
indicating the presence of both a SPP mode and a waveguiding mode. A free parameter
in this ﬁtting is the absolute ﬁlm thickness because the physical properties of the cyanine
dyes are not easily available. By varying the amount of dye drop cast onto the surface,
control over the relative ﬁlm thickness can be achieved; this is shown in ﬁgure 10.2b
and c. It is always possible to ﬁt theory lines to both SPP and waveguiding modes.
Unfortunately, due uncertainties in the mode conﬁnement within the J-aggregate layer,
the ﬁtting parameters cannot currently be converted into an absolute ﬁlm thickness.
To try to resolve this problem current work is being performed to calculate the electric
ﬁeld proﬁles of the diﬀerent observed modes. Figure 10.4 shows the current estimates of
the SPP mode and a second order waveguide mode.
Figure 10.4: Schematic of electric ﬁeld for both SPP and wave-guiding modes.
These calculated distributions are based on the same parameters used to calculate the
dispersion so should relate precisely to the actual surface ﬁelds. This ﬁgure shows the
plasmon mode to have a maximum electric ﬁeld at the surface, and decay exponentially
into the dielectric, as shown previously. The wave-guiding mode has a maximum electric
ﬁeld within the dielectric layer, as would be expected. The second order wave-guiding
mode is shown here, corresponding to the mode shown in the data. However, due
to the proximity of the surface, this mode also has an electric ﬁeld component insideChapter 10 Plasmon-Exciton Coupling 148
the metal. This corresponds to an optical mode coupled to a surface plasmon, which
would be expected at these length scales. Work is continuing to fully model the optical
properties of J-aggregate ﬁlms on gold.
10.4 Fluorescence Measurements
The exciton states of the cyanine dyes are highly ﬂuorescent and can be pumped at
2.3eV using a diode-pumped, frequency-doubled Nd:YVO4 laser operating at 532nm.
Experimentally, the setup is equivalent to that used for the SERS detection, except for
the use of diﬀerent pump and detection wavelengths. Again, due to the small numerical
aperture of the setup, data is acquired using the cooled CCD camera with a spectrometer.
A pump power of 100mW is also required, which causes photodecomposition of the
molecules when illuminated for more than a few hours. For this reason, so far only
detector scans have been performed on the ﬂuorescent signal. Figure 10.5 shows a
comparison between the angular ﬂuorescence signals from a smooth gold surface and
from the nano-structured surfaces.
Figure 10.5: Detector scans recording the ﬂuorescence from a J-aggregate ﬁlm on (a)
ﬂat gold and (b) the surface shown in ﬁgure 10.2b. (c) Cross-sections of (a) and (b) at
30o.
On the smooth gold a clear band of ﬂuorescence is observed at 1.8eV. This band cor-
responds to the decay of exciton states and is close to Gaussian in proﬁle. To lower
energies an extended tail in the ﬂuorescence is observed. This relates to intra-band
exciton transitions. The data shows a noticeable decrease in intensity with increasing
detection angles. This is due to an increased absorption within the ﬁlm as the in-plane
component of the electric ﬁeld increases.
A clear change in the ﬂuorescence is observed between the smooth and structured sur-
faces; this is emphasised in the cross section taken at 30o, shown in ﬁgure 10.5c. TheChapter 10 Plasmon-Exciton Coupling 149
presence of the Bragg plasmon has noticeably enhances the ﬂuorescence of the mole-
cules at energies far from the normal ﬂuorescent band. To analyse this further ﬁgure
10.6 shows the absorption and ﬂuorescence images, both separately and combined.
Figure 10.6: (a) Reﬂectivity shown in ﬁgure 10.2b, plotted in green colour scale.
(b) Fluorescence detector scan shown in ﬁgure 10.4b, plotted in red colour scale. (c)
Combination of (a) and (b) to show correlation between absorption and ﬂuorescence.
There is a good correlation between the shape of the absorption and ﬂuorescence proﬁles,
indicating a strong relationship. However, on closer inspection the ﬂuorescence appears
shifted to higher energies relative to the plasmon modes. This shift is believed to arise
from the re-absorption of the emitted light into the plasmon mode. In this model, light
incident on the surface excites a surface plasmon. This plasmon mode enhances the
density of states an exciton can emit into, creating the new ﬂuorescence proﬁle. At the
peak SPP absorption, however, the emitted light can be eﬃciently re-absorbed. This
gives rise to observed photoluminescence at only the SPP absorption edges.
This research is at a very preliminary stage, but is already showing many interesting
phenomena. Experiments are currently under way to fully understand the data collected
so far, as well as examining other processes such as the interactions between excitons
and Mie plasmons. The controllability of the plasmon dispersion allows interesting tests
to be performed such as the tuning of the exciton coupling between molecules. This
opens the way for a high degree of molecular control as well as having the potential to
improve the eﬃciencies of light emitting devices.Chapter 11
Conclusions
This thesis has presented a study into the optical properties of nano-structured metallic
surfaces under a range of conditions. It has been shown that the technique of tem-
plate self-assembly and electrochemical deposition can be used to produce well-ordered
nano-voids with a range of sizes and from a range of metals. These structures have
been thoroughly characterised to understand the physical properties of the sub-micron
geometries. Gold structures have been the primary focus of this thesis due to their
chemical inactivity and robustness. The surface geometry follows that of the initial
template except when the sample thickness becomes close to the diameter of the voids.
Here, instead of encapsulating the cavities the structures form funnels leading from the
top surface into the spherical cavities.
Both localised and delocalised surface plasmon modes have been found to exist on the
samples and these diﬀerent modes have been analysed in detail using a custom built
computer controlled goniometer. Delocalised Bragg modes exist when the samples form
arrays of shallow dishes and have been found to ﬁt well with a weak-scattering model.
An extension to this model is required as the sample thickness increases to account
for the depth of the structures causing a perturbation of the mode energies. Bragg
plasmons have been shown to scale linearly with pitch and refractive index as predicted.
The polarisation dependence of the Bragg plasmon modes has also been studied. This
data has been shown to be understood from a qualitative perspective through scattering
and absorption of the plasmon modes.
Localised Mie plasmons have also, for the ﬁrst time, been comprehensively studied.
These modes have been found to be completely localised within the dishes even for
weakly conﬁning geometries. Figure 11.1a repeats a representative result from what is
now understood about the Mie plasmon modes.
Around ¯ t = 1 it is possible to compare the experimental data with theoretical electro-
magnetic calculations. Here, for increasing thicknesses the energy of the Mie plasmons
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Figure 11.1: (a) Position map of gold sample with voids of diameter 500nm. Blue
dots show predicted Mie plasmon modes, purple dashed lines act as a guide to eye,
white dashed line shows where cut is taken in (b) a dispersion map. This shows two
Mie modes - purple lines for guide to eye - and a Bragg mode - black lines show theory
using model described previously in this thesis. Note the anti-crossing between the
Mie and Bragg modes. (c) Comparison between reﬂectivity and Raman spectrum on
a gold sample with a void diameter of 700nm. This proof of plasmon enhanced SERS
leads to (d) the predicted Raman output oﬀ this surface if directly images in the back
of a microscope objective. Three colours represent the energies of the 998cm−1 (red),
1573cm−1 (green), and 3055cm−1 (blue) Raman transitions.
increase towards that of a totally conﬁned Mie scattered modes trapped within a dielec-
tric bubble in an inﬁnite expanse of metal. The increase in energy is associated with
the increase in mode conﬁnement and it has also been found that theoretical and ex-
perimental widths of these resonances compare well. Below the encapsulating geometry
full analytical solutions to Maxwell’s equations are not possible. However, this thesis
has shown that the energetics of these modes can be understood through several more
intuitive models. The ﬁrst treats the Mie plasmon as an optical ﬁeld within the cavity,
obeying the principles of ray optics. The destructive interference between diﬀerent ray
paths is analysed and found to have similarities with the experimental data. This result
is of interest because the cavities are sometimes smaller than the wavelength of light,
where the ray-optics approximation is far from valid. This shows that, at least in this
case, a system governed by wave equations can still be modelled in terms of classical rays.
Comparisons between the electric ﬁeld within the cavity predicted through ray-optics
and ﬁnite diﬀerent electromagnetic modelling show that many similarities still exist.
Unfortunately, the ray-optics model does not take the plasmonic nature of the surfaces
into account, and so does not faithfully reproduce the experimental data, although doesChapter 11 Conclusions 152
predict the correct trends. Analysis has shown that this discrepancy indicates something
of the true ﬁeld distributions within the cavities.
The second model considered treats the Mie plasmons as SPP standing wave, pinned at
the void rims. This model is only performed in two-dimensions and assumes the void
rims are strict ﬁeld minima. Even with this assumption the theory is quite accurate
in its predictions for the energetics of the localised modes. Considering data sets from
many samples has allowed the veriﬁcation that the dispersion of the SPP is modiﬁed
by the micro-curvature of the surfaces. This, it has been proposed, arises from the
concentration of the electric ﬁeld above the surface. Using the results obtained from
analysing encapsulated voids it has been possible to construct a new dispersion for a
curved metal surface, and this dispersion not only provides a universal scaling relation-
ship for localised plasmons in dishes of arbitrary radius and thickness, but also provides
a close ﬁtting between the data and theory considering the standing wave SPP mode.
These two models have shown that the Mie plasmons observed experimentally can be
considered as SPPs pinned on the void surfaces as well as an optical mode localised in
free space. This is also backed up through considering the plasmons as mixtures of Mie
scattered modes, and conceptually this is consistent with ﬁnite diﬀerence modelling of
individual voids.
Further studies of these localised plasmons have found that the coupling to the optical
ﬁeld leads to interesting eﬀects. Perfect absorption of the incident light has been ob-
served in the highly localised modes near ¯ t = 1, with at least 99% of the incident light
coupled into the plasmon resonances. This is one of the ﬁrst observations of tuneable
perfect absorption through metallic structuring and directly leads to two interesting
possibilities. The ﬁrst is the perfect emission of black body radiation, a phenomenon
directly relating to perfect absorption. This would allow the construction of perfectly
emitting lighting elements as well as the removal of black body radiation in other spectra
regions - such as the infra red to further increase device eﬃciency. The second possibility
is that of perfect transmission. If the cavity were produced symmetrically within a thin
ﬁlm, light could be perfectly coupled from both sides, and so allow 100% transmission
through the structure. This has been studied theoretically[72], and could be of potential
interest for nano-lithographic techniques.
Further work has then been conducted on understanding the interactions between Bragg
and Mie plasmons. It has been shown that the energies of Bragg plasmons are highly
dependent on the angle of the incident light as well as the sample orientation. It has also
been shown that the Mie plasmon energies can be independently controlled by altering
the geometry of the structuring through a change of ﬁlm thickness. This allows Bragg
and Mie plasmons to be brought into and out of resonance with one another at will.
Figure 11.1b shows data from a gold sample with a void diameter of 500nm at ¯ t =
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resonances. The top surface also forms a good quality grating and so Bragg plasmons
are also eﬀectively excited. By altering the sample orientation the energy of the Bragg
plasmons can be made to pass through that of the Mie plasmon, as shown. A strong
coupling between the two types of plasmon is been observed, forming new mixed plasmon
modes. This is the ﬁrst observation of the interaction between localised and delocalised
plasmons[44], and can be understood in terms of Mie plasmons hopping between voids
and Bragg plasmons drop into the voids as they pass. A model for this mixing has been
shown, considering the eﬀect in terms of the dipolar interaction between surface charges.
This model correctly predicts the eﬀect of surface symmetry of the mode interactions.
This mixing process is not only interesting from fundamental perspective but could also
provide a means to control the ﬂow of plasmons through a device, an essential component
if a plasmonic computer is ever to be built.
Samples made from a variety of metals have also been studied. This has shown that the
properties of the Bragg and Mie plasmons, as well as the mixing between the diﬀerent
plasmons, are altered depending on the properties of the metal used. This work is
continuing into the study of structures made from multiple metal layer, allowing much
greater control over the positioning of the plasmon modes on the surfaces. Tuning of the
dielectric top layer has also been studied and relates precisely to that expected through
theoretical considerations.
From this understanding of the electromagnetic properties of the nano-structured sur-
faces, other experiments have been undertaken. Interactions between SPP and excitons
have been observed, leading to new mixed, strongly coupled, states. This mixing pro-
vides interesting possibilities to control and study exciton systems at room temperature.
The coupling between excitons and plasmons leads to an enhancement in the observed
ﬂuorescence from the molecules, and could help improve the eﬃciencies of light emitting
devices.
Finally, this thesis has explored the eﬀect of surface enhanced Raman spectroscopy.
While it has long been known that plasmons are an essential ingredient in producing
large SERS signals this work has, for the ﬁrst time, directly shown plasmons enhancing
the observed Raman spectra[45], as repeated in ﬁgure 11.1c. Furthermore, it has been
found that the nano-structured surfaces produce enhancement factors similar to those
in the literature, while producing much better reproducibility. This reproducibility is at
every point on the surface (something not possible with the samples made from colloids)
but also is stable for time spans of at least years after many cleanings and diﬀerent
chemical treatments; again by comparison most other SERS surfaces can only be used
once, may provide enhancements for about a month, and cannot be cleaned or reused.
The angle resolved data shown in this thesis is extremely useful for starting to gain a
full understanding into the SERS process. This work has shown that while the plasmon
modes are essential to SERS, they only directly contribute one order of magnitude (atChapter 11 Conclusions 154
both input and output resonances) to the observed signal. This leads to the proposal
that the SPP waves themselves couple to highly localised plasmons, probably of the
nanometre size scale. These localised states couple very poorly to light and so are
inactive on smooth gold but couple well to the molecules on the surface. It is thus
necessary to have both large and small scale plasmons to eﬃciently couple an optical
ﬁeld to a molecule and observe a strong Raman signal.
The ability to tune both the localised and delocalised plasmons directly through sample
geometry and angle of incident light makes it possible to optimise the SERS signals from
diﬀerent Raman lines. This can be done by specifying the laser wavelength and molecule
to be studied. A plasmon resonance can then be adjusted through, for example, tuning
a localised plasmon to the laser wavelength by setting the sample pitch and thickness.
The sample orientation can then be set to match the wavelength of the Bragg plasmon
with the Raman line of interest. The output resonance can then be observed at the
correct output angle - given by the Bragg plasmon dispersion.
A further advancement on this has been proposed and is shown in ﬁgure 11.1d. Here, it is
shown through simulation of the plasmon dispersions that it is possible to simultaneously
optimise the enhancement of three diﬀerent Raman lines. It is then possible to send the
light from each line to diﬀerent directions to be detected by a single CCD camera. This
data multiplexing idea could further speed up molecular detection applications.
The use of more controlled processing techniques, such as photolithography, would im-
prove the quality of ordering; however, such processes are, at least currently, not capable
of producing spherical geometries. Of greater importance, the gain in the sharpness of
a Bragg plasmon resonance for a precisely deﬁned structure comes at the cost of a
much more expensive and time consuming production process. Hence, it is concluded
that the surfaces studied in this thesis have great potential for future molecular sensor
applications.
This thesis has provided answers to many of the original questions posed on the true
energetics of surface plasmon on nano-structured metal surface. There are, of course,
many questions still to be answered. Some of these questions have reached a more
theoretical region of study, in, for example, the mathematical understanding of the Mie
modes or the full understanding of the SERS processes.
Other questions require further experimentation to be performed, as commented through-
out this thesis. These experiments are mainly concerned with more complex sample
architectures, such as the multilayer metal structures, which have been mentioned but
are currently at a preliminary stage of experiments.
Towards further applications, there are a number of possible paths. There is interest in
using the structures to produce nano-scale resonators[132], which, if ﬁlled with a gain
medium, could form ultra-low threshold lasers. There are also other sample architecturesChapter 11 Conclusions 155
that could be of great interest for diﬀerent applications. A combination of photolithog-
raphy and template self-assembly could allow the production of plasmon waveguides and
integrated circuits. If the coupling between Bragg and Mie plasmons could be controlled
many interesting systems can also be envisaged. Further work on the optimisation of
SERS substrates could be very useful for future sensor applications and the enhanced
emission from catalytic metals such as platinum is also of great practical use.Appendix A
Derivations
A.1 Finding Electric Charge Density
Using the material equations stated in chapter 2 (equation 2.5), Maxwell’s equations
take the form:
∇ · H = 0 (A.1)
∇ · E =
ρ

(A.2)
∇ × E + µ
δH
δt
= 0 (A.3)
∇ × H − 
δE
δt
= σE (A.4)
Taking the divergence of equation A.4 leads to:
∇ · (∇ × H) − ∇ ·
δE
δt
= σ∇ · E (A.5)
Since ∇ · (∇ × H) = 0, equation A.5 can be substituted into equation A.2 to give:
−

σ
∇ ·
δE
δt
=
ρ

(A.6)
This equation can be compared to the temporal diﬀerentiation of equation A.2:
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∇ ·
δE
δt
=
1

δρ
δt
(A.7)
Now δE
δt can be eliminated between eqautions A.6 and A.7 leading to:
−
σρ

=
δρ
δt
(A.8)
This equation can only be valid if ρ takes the form:
ρ = ρ0e−t/τ where τ =

σ
(A.9)
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